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PREFACE

Neutrino interactions have been observed at energies below a few MeV
and in the GeV range. The Los Alamos Meson Physics Facility offers the
first practical opportunity to study neutrino reactions at intermediate
energies.

The neutrinos originating in the LAMPF beam stop have a typical en-~
ergy of 40 MeV. This energy is below the threshold for producing muons
and pions from muon-neutrinos. Electron-neutrino interactions can there-
fore be studied without interference from the muon-neutrino processes
which dominate neutrino events at the high energy synchrotrons. Compared
to reactor experiments the higher energy of the neutrinos is a distinct
advantage, for it implies higher cross sections and some improvement in
background rejection.

One may envisage a varied and serious program of neutrino experiments
at LAMPF. This program could include a test of muon-conservation, a meas-
urement of neutrino cross sections on chlorine with implications for neu-
trino astrophysics, studies of giant-resonance and exclusion principle
effects on inverse-beta decay reactions with nuclei, and elastic neutrino-
electron scattering.

All these experiments have in common the following features. They
can use the LAMPF beam stop without modifications as a neutrino source;
they require a well-shielded counting room and some five to six meters
of iron shielding between this room and the beam stop. We feel that such
a general neutrino facility is very desirable as it would permit investi-
gation of a number of fundamental questions in weak interactions and in

astrophysics.
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LAMPF NEUTRINO FACILITY PROPOSAL

R. L. Burman, H. Chen, D. R. F. Cochran, C. Cowan,
R. Davis, E. Fenyves, E. Fowler, H. Frauenfelder,
V. Hughes, W. R. Kropp, K. Lande, S. L. Meyer,
D. Nagle, P, Nemethy, D, C. Potter, F. Reines, and H. Uberall

I. INTRODUCTION

The advent of LAMPF makes practical the study
of electronic neutrino interactions. An intense
source of intermediate energy v, occurs at LAMPF as
the end product of a chain involving pion production
by protons in the LAMPF beam stopper and subsequent
pion and muon decay. We estimate that 1/2 ma of
incident protons gives rise to 1/4 x 1015ve/sec with
energies between 0 and 53 MeV. The vu that accomp-
any them do not have enough energy to produce muons
and so by the presently accepted form of the lepton
conservation law are sterile.

The other terrestrial neutrino sources are
fission reactors that produce G;(3 x 1013 U;/cmz/sec)
with energies ~ 3 MeV,and high energy proton accel-
erators (AGS, CERN, Serphukov, and NAL) that pro-
duce neutrino beams predominantly muonic in charac-
ter, The fission reactor presents the difficulty
of looking for low energy secondaries in the pres-
ence of naturally occurring backgrounds. The in-
crease of neutrino energy from the 3 MeV typical at
reactors to the 30 MeV at LAMPF increases neutrino-
electron cross sections by one order of magnitude
and neutrino-nucleus cross sections by two orders
of magnitude., In addition,the problems associated
with natural radioactivity backgrounds decrease
enormously because of the increase in the energy
of the interaction secondaries. The high energy
accelerators, in addition to the muonic nature of
their neutrino source, have neutrinos (\)e and VU) of
such an energy that the inelastic processes (produc-
tion of w, Nk, etc.) swamp the elastic and charge

exchange interactions. The LAMPF neutrino program

complements those at high energy accelerators (NAL,
etc.) in that LAMPF aims mainly at a study of four
fermion interactions,while the high energy interests
are directed toward intermediate boson searches and
inelastic reactions. The major source of Vo in the
universe is the stellar fusion process. Although
we receive ~ 6 x lOlove/cmz/sec from the sun, the
low average energy of these neutrinos makes them
difficult to detect by any known direct counting

technique,

II., PHYSICS

The availability of v, at LAMPF will permit
the investigation of a number of fundamental ques-
tions in weak interactions,and will illuminate such
basic astrophysical phenomena as stellar evolution
and supernova explosions.

The areas of investigation that have‘been sug-
gested for the initial program are: neutrino-electron
interaction, determination of the form of the lepton
conservation law, search for anomalous neutrino in-
teractions, study of neutrino induced nuclear inter-
actions, and study of the solar neutrino detector.

A, Neutrino-Electron Interaction

A most Iimportant question is the observation
and study of ve+e' scattering. This (and the
equivalent Vo T e~ scattering) is the only diagonal
purely weak interaction that can be studied and
as such 1s not restricted to the same coupling
constant as the nondiagonal weak interactions.l It
is also the only other purely leptonic first order
weak interaction other than muon decay avail-

able for study.



The cross section for this process is predicted

by the universal V-A theory to be?
2
2 2E
-y _ 2G A
O(ve+e ) =7 Y (Me+2Ev)'

For E  >> M c2
v e

2
o(ve+e ) zz%MeEv .
The critical questions to be answered by this
study are:
1. Does the process exist?
2, Is there any anomaly in the value of G?
3. Is the energy dependence linear?
4, What is the shape of the electron recoil
gpectrum?
Not only is this interaction fundamental to

weak interactions, its existence and rate are also

very important for the understanding of energy trans-~

fer mechanisms in stellar evolucion3

4

and supernova
formation.

B. Lepton Conservation Law

The presently available data are consistent with

four different lepton conservation laws. If we
assign L =+l toe and v , L =-ltoetand Vv,

e e e e

=+ - = - + and h

Lu 1 to ¥~ and vu and Lu 1 to 47 an vu then
these four possible lepton conservation laws can be
summarized as:d
1. IL and IL separately conserved;

€ " £L IL
2, Z(Le + Lu) and (-1)""e (-1)""u separately

conserved;

3. Z(Le + 2Lu) conserved, and

4. E(Le - LU) conserved.

Because of the characteristics of the w and u
decay the LAMPF neutrino source is ideally suited to
distinguish between these four possibilities. Ver-
sion (1) (additive law) permits only ut - et o+ ve +
Cﬁ while version (2) (multiplicative law) also per-
mits u+ -+ e+ + G; + vu. The observation of 3; from
the LAMPF beam stop would indicate the validity of
the multiplicative law while the absence of 3; would
eliminate the multiplicative law from contention.®

Version (3) is indistinguishable from the addi-
tive law 1f there are only two leptons. Version (4)
(subtractive law) would give rise to anomalous vu

interactions.

c. vp Interactions

The LAMPF beam stop produces monoenergetic vu
+ -»> u++ vu (E\)u-
30 MeV), and muonic anti-neutrinos with 0 < E ¢

from the decay of stopped pions, T

50 MeV from u¥t decay. These vu are energetically
incapable of producing muons in either electron or
nucleon interactions. A most surprising and spec-
tacular situation could arise if the vu produced
electrons in electron or nucleon interactions. The
two-body kinematics associated with 30 MeV vu would
make this process readily recognizable.

D. Neutrino Induced Nuclear Interactions

The neutrinos generated in the LAMPF beam stop
can only engage in elastic or inverse beta decay
interactions with electrons and protons since they
are not energetic enough to produce muons or pions,
In interactions with nuclei, however, they can in-
duce nuclear transitions via the inverse beta decay
interactions.7 These transitions involve energies
congiderably larger than are usual in beta decay
and can excite states that are not observed to beta
decay, and so may permit the study of the transi-
tion matrix elements involved in regions not pre-
viously accessible.

E. Study of the Solar Neutrino Detector

The search for solar neutrinosd via the reac-
tion Ve +c137 » Ar37*+ e~ has established an upper
limit for enmergetic v, from the sun considerably
below the predictions of present solar models.?
LAMPF provides the only terrestrial ve source cap-
able of producing this reaction and might provide
a verification of the sensitivity of this detector.
Such a verification would enable one to set an
upper limit for the temperature in the interior of
the sun considerably below that obtained from the
present solar models and might eventually challenge
the presently assumed mechanisms for stellar emergy

generation.

III. EXPERIMENTAL FACILITY

Pions are produced as the protons slow down
in the beam stop. About half of these pions in-
teract before coming to rest. The remaining ot
decay at rest into u+ + vu, and the resulting u+,

in turn decay into et

tv, + GL. Most of the m~
come to rest and are captured by nuclei. About 1%

of the stopping T decay, giving rise to u~ that in

o
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turn come to rest and are captured by nuclei. The
ratio of u~ to pt decays 1s x~ 1/7000, so that vir-
tually the only neutrinos emitted by the LAMPF beam
stop come from the - u+ decay chain. We estimate
that one Ve is produced for every twelve protons in-

cident on the beam stop.
The experimental facility is simple. It con-

sists of massive shielding between the beam stop and
the neutrino detection apparatus.to absorb the radi-
ation associated with the beam stop region, and
shielding around the detection apparatus to attenu-
ate cosmic rays and scattered radiation from other
experimental areas. We estimate that five meters of
steel will attenuate sufficiently the beam stop rad-
iation and that 1 to 15 meters of steel will serve
as an adequate enclosure shield. It should be em-
phasized that this facility does not require the
magnets, horns or other beam transport apparatus
characteristic of other accelerator neutrino facil-
ities. The entire facility consists mostly of
shielding -- some arranged to form an experimental
enclosure and some located between that enclosure
and the beam stop. An enclosure about six meters
square and about five meters high appears adequate
to accommodate the presently proposed experiments.

A convenient location would be the area immed-
iately south of the main proton~line beam dump, Fig.
1 shows a schematic outline of the facility; it fits
without modifications into the current beam dump de-
sign. Most of the 5-6 meters of direct shielding
steel is already present as part of the beam dump.
The rest of the éirect shielding and a possible en-
closure, also constructed of steel shielding blocks,
is shown by the dashed lines in the drawing.

A typical neutrino detector would consist of a
target containing about 0.3 - 1,0 x 1030 protons,
and an equal number of electrons. For a Ve + e”
cross section of 6 x 1043 cn? and a flux of about
108 ve/cmz/aec, we have about 2 to 6 interactions
per day or probably one observed interaction per
day. If the beam stop also emits 3; (due to the
multiplicative law, for example) we expect about 102
times as many nucleon interactions as electron
interactions.

Because of the small cross sections inherent in
neutrino interactions and because of the interrelated

nature of the contemplated experiments it is antici-

pated that most of these experiments could be done - --

in parallel., All the experiments, with the exception
of the c137 experiment, can, in principle, be accom-
modated by a single detection apparatus.

The prime problem in the establishment of the
neutrino experimental area is the construction of a
suitably shielded enclosure. The construction and
testing of this area will undoubtedly require a con-
siderable period of time, and will be a major chal-
lenge in the execution of these experiments. The
running time for the proposed program of experiments
ig dominated by the important Va + e scattering re-
action, because of its relatively small anticipated
cross section, Since the neutrino-nucleon cross
sections are ~ 102 larger the data necessary to meas-
ure those reactions should be available in a signifi-

cantly shorter time.
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Fig. 1. Plan at beam elevation 6972 ft.

IV, SUMMARY

The proposed LAMPF neutrino facility would per-
mit the investigation of an almost virgin area of
physics that is of prime importance both to the under-
standing of weak interactions and to stellar evolu-
tion and energy generation. The required experimen-
tal facility is simple, consisting of a shielded en-
closure, Since LAMPF is the only accelerator with
the characteristics required for the study of Ve in-

teractions as well as the other fundamental questions



outlined above, we strongly urge the establishment

and support of such a facility at LAMPF,
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NEUTRINO EXPERIMENTAL PROPOSALS

No. 20 - "Neutrino Experiment," B. Hahn, Spokesman
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Spokesmant B. Hahn

G. Czapek, B. Hshn, and P.G, Seiler
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March 3, 1970

SUMMARY OF EXPERIMENT

It 18 proposed to carry out a neutrino physics programme,
which allows to study with the same apparatus:

a) Lepton conservation law
b) inverse B-decay on various target nuclei and
c) neutrino-electron scattering.

Tho detaoctor is made out of modules containing each l"mass-

less” multiwire counter, 1 "massless” optical spark chamber

and 1 target. One fmudule has dimensions of 200 cm x 200 cm

x 10 cm. 30 modules arrenged in one row and faned-out for
photngraphy will be used. 4-5 fold coincidences between suc-
cessivo multiwire counters trigger the spark chambcrs. The
multiwire countcrs are also used tao measure fonigation. The
counting rates of good events will be of the order of 1-10

events par day at LAMPF. Angle and range of the particles can

be determined. Additional information comes from multiple
scattering. The target material will be C, CHZ’ nzo, nzo, Al,
clzc‘ etc. The detector will be placed at 90° to the beam dump
and behind approximately 8 m of fron shielding. A massive block-
house arround the detector is required against cosmic background.
A quantitative study on the cosmic background. which is induced
by energetic neutrons with a scaled down set-up is under way. These
measurements will allow to determine the dimensions of the block-
house. A cosmtc p-meson veto counter with a veto factor of 10‘-
105, possibly a liquid scintillator surrounding the apparatus
will be a necessity. Our model apparatus also will bs exposed to
35 MeV alactrons of a betatron at Berns, in ordar to get experi-
ences. An on line computer is used for data aquisition and detec-

tor control.

PROPOSAL INFORMATION

Daam Area: v-area

Beam R!&. uirements:

Type of Particle: Protons

Momentum Ranga: 700 < 800 MeV
Intensity: Maximum possible, > 600 yA
Target(s): Dump

Running Time Required:
Installation Time Required (no bemﬂz
REDN & TR TS b Rumniag in ¢ ! 3manihs

Data Runs: Continuous 1 yanr

Scheduling:

Realistic date when Uscr will have the non-LAMPF apparatus
ready: January 1973 = 3ufy 1473

Major LAMPF hpparatus Required:

Computer: on line Computer HP 2100
Electronics: standard fast electronics, power supplies

Shielding and Enclosures Required: v-shiclding, block-hou-a,
. hole in experimental floor
Special Services Required: cosmic ray shield (f'!)

Space Reguired:

-
~ 50 mz + space for electronics and on line computer;
~ 12 - 15 racks

Specisl apnaratus to be fabricated by LAMPF

1) beam dump
2) 8 m of Fe shiclding, 4 m high, 4 m wide
3) hole in experimental floor: 6.5 m long, 6 m
widé, 3.5 m high
4) shicld against charged cosmic and machine background
5) concrete blockhouse or earth mountain against cosmic
and machine neutrals

mass procuchion of mutkiwdepreporhoual dectens,

spark chonbeoc ud Foop hok o
P ddedor Powe ke

~—

.

1. Introduction

The intense proton bcam of LAMPF after traversing several

thin and thick targets finally will be stopped almost at

its full energy and with approximately its half primary inten-
sity in a beam dump and provide an almost point-like sourca
of medium energy neutrinos. The greatest interest will be on
the electron neutrinos of u+-decay. The neutrinos have a maxi-
mum energy of 53 MeV. This enerxgy range 8o far has not been
accessable to experimental investigations. This range lies in
between those of antineutrinos and neutrinos of reactors and
the sun (< 10 MeV) and neutrinos from proton synchrotrons

(» 500 MeV). The neutrino intensity will amount to several
101‘ neutrinos/sec with isotropic angular distribution. The
contamination of neutrinos from u--dacay will be negligible
due to the high capture rata of * and y in atomic nuclel.
Muonneutrinos from s— and u-decay have energies below tha
‘threshold of u-productfon. The neutrinos from w-decay will bae
fwportant in several respects to study weak interactions.



1.1. Lepton Conservation .

v*-decay is so far the only pure leptonic process which has
been accessable to the exporiment. All information on p-dccay
resides on observations done on the decay positron. Nothing is
known experimentally on the nature of the accompaning neutral
particles. These are most likely ve—;;-p-lrs or 7.-vv-paix-.
The second possibility with "interchanged” neutrinos correaponds
with the multiplicative lcpton conservation law as it has been
formulated by Cabibbo and Cattol’?)
boxga)‘). Experimental upper limits with respect to & multipli-
cative lepton conservation law have been given deduced from nhon-~
observation of muoni timuoni -Lons) from the process
€+ e » ,u'-; /u.‘

and from the p!OCeBlel7).)

Vo +2 ~ 2+ pt Ve
All these experiments, however, so far are not sensitive enough
to datect a coupling of the strength of the universal weak inter-

lct!ons)-

and by Feinberg and Wein-

In the proposed experiment C; should be detected by the proceas
Vesp = n+et

porforming a c":'c difference measurement, ;. should be datected

in the process

Ve + d -~ pi/?fc_

pexforming a nzo-nzo difference msasuremant.

1.2. v, o -Scattering

The simplest process in weak interaction is the elastic
scattering of electron ncutrinos on electrons. This pro-
cess has recently been discusscd in the framc of a modi-
fied weak interaction theory by Gell-Mana, Goldberger, Kroll
and Low{o’. The coupling in vae scattering could deviate
from universal coupling. Some evidence for the occurence of
;o-. scattering has bcen announced recently at a reactor-
experimcntll,. From the CERN 1964 neutrino cxpetlmentlz,ln
upper 1imit for a coupling constant ‘:\“e of Gv'. € 6G ( Gm
coupling constant of s-dccay) with 30% coniiQenca has becen

doduced.

The astrophysical importance of v-e coupling and its experimen-
tal avidence has bcen discussed by stotharslz).

In v-o lcnttcrlngl‘) it is expected that rccoll elcctrons are
cjectbd in a forward cona. The scattering cross saction must
be proportional to the clectric charge of tha target nucleus.

1.3, Neutrino Nucleus Scattering

50 far inverse B-decay has been observed only on free protons
by using reactor untineutztno-ls)ls). Elaborate atempts to de-
tect neutrinos from the sun by the reaction

Vet (€3 —« AY & &

so far have been unsuccessful, At proton synchrotrons, however,
in the multi-CeV energy range slectron neutrino nucleus reac-

tions have been observed, the neutrinos stemming from x.:-docnyl"

In the energy range up to 53 MeV the neutrino cross sections
on nuclei will strongly depend on nuclear structure. The cross
scctions will depend on tha deogrce of the allowenca of the
transitions. Moasurements with intermedfiate energy neutrinos
on nuclai will be of great importanco with respect to neutrino
ulttophyl1CI19)2°’.

1.4. Experimental Tochnigue

The expacted event rxates will be small (a fcw, or sevoral ten
events per day, depsnding on the process) evon with a multiton
detector. The neutrino experiment therefore requires conti-
nuous running duzring a long period. The interference with other
experiments of a pion factory will bo small because the axperi~
ments can be done with the remaining proton beam falling into
the beam dump. The average beam intcnsity, however, should be
above S00 uA. The shielding problcm against neutrons, pions
coming from ehe'machine, bean dump and from cosmic radiation
will be a major problem to be solved. The exparimental set up
for the detection of the electrons or positrons must be fully
automised and the experiment must be done with a computer on
line for data aquisition and detector control. The events will
be photographed in optical spark chambers and immodiately pre-
scanned.

The project must be started not later than two years {n advance
to the actual expariment in order to allow the construction of
the large detector as well as the anticounter system and the
shielding,

A prestudy with respect to cosmic background and the performance
of a modal detector is under study. Recoil protons and pion pro-
duction from cosmic neutrons is investigated and the model set up
is axposed to an slectron beaz of 40 MaV enezgy of a betatron.

2. Neutrino Flux

Neutrinos are produced in the following way

p + target — xt 4 ...
. ﬂ" - ,‘J-"I' vlu
N R AR SVR)

Since '* and u* will decay at relt,v‘ will be below the
throthold for p-production. In order to estimate tha number
of stopped muons the probability for pion production by pro-
tons must ba known. Since the production cross sections are
roughly proportional to Azla,liqht targets a.g. carbon or
watex are preferable. Furthermore the loss of positive pions
by the charge exchange process must ba considered. Tharefore
the encrgy spectrum of the produced pions must be known too.

2.1. The Production of Positive Pions

The total cross section for the reaction
{D +C - 7r* PN

in dependence of the proton primary energy is given in the 14~
2
terature only incompletely. One finds in .

Ep | Gy
350 MV | 55 mb
450 Mev | 22.¢ mb
6o MevV | 379 mb

1f one takes for the total cross gection,

°£23)

by using the data

Uy Giw (PPt Siet (P
Gy = 2% _i_r'f__z__——

the number of positive pions per proton {700 MoV), taking into
account the ionisation energy loss of the protons in the target
(c, approximataly 150 q/cnz) amounts to

Pat/p = 015
With a proton beam of 500 uA the plon intensity will be

I(*) ~ 4.5~ 10" sec!
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2.2. The Production of Positive Muons and Neutrinos

Tho energy spectra of the pions in tho forward diraection are
given 1n23). By averaging the spectra for the affective proton
enargies ona finds the energy spectrum of the pions. This spec-
trum is shifted to highaer energies relative to the true spec-
trum. Since pions emitted at large angles have smaller energies
than those emitted in the forward direction, the calculated

plon loss is overestimated. For the cross section of the raaction

t+C » T°+..

the following relation has been assumed
Gue (X74C) a %01,(7’41;) = :—_G. (x+p)

Together with the data °£22) this amounts to a pion loss

of approximately 30 &. The astimated intensity for positive muons
thon is °

' I//«') ~ 3»/0”‘/(4,'/sec

3. Lepton Conservation and v’-Docny

3.1. Lepton Conservation

Based on experimental observations and on theoretical quunnnt.l)z)
30 a lepton conservation law can be formulated in several ways
using the following definition for L. and Lu'

porticle| _Le L
Ve, €’ 1 o]
s o 1
Ve, | -1 0
Y VAl I -1

others 0 0

The following formulations of lepton conservation can be
discussed, whereby the following expressions should be
conserved in all interactions

LSl Tl

2. Zle- 2L,

3 Zlc—ZL/._  mod 4)
4 T (1-2L.) :

5 Ile+Z4., T -0k

All these formulations are in agreement with present experi-
mental information, however have different content. The decay

I S

'—ae #Vellf‘
is forbidden by law 1 and 2, but is not forbidden by laws 3,
4, 5.

3.2, The Enorgy Spectrum of the Neutrinos

Assuming V-A-theory and a two component neutrino the energy
spectra of leptons and antileptons in u*-docny can be calcula~
ted, Neglecting the alectron-mass relative to the muon-mass one
zindlz"zs)(rig. 3) the energy spectras

Por leptons (£} = ';'92 E‘(_';-’L —E)
"

for antileptons w( -64‘ "3'"_
or antilept A/E) —’,—';‘-E(T& E)

The kinetic energy lies inbotween
0k oy

The averaga energy of the leptons is emaller than the
average energy of tha antileptons. The neutrinos will be
emitted -isotropically with respact to the laboratory system.

4. Neutrino Nucleus Cross Saections

4.1. In General

Considering the scattering processes

() Ve+ K- e+ K,
(2} Y.+ K =t kK,

whereby K, xl, K, are complex nuclei, One finds analoéoun to

2
26) (Fig. 2)

the Fermi-theory of p-decay for the cross section
-4o
-~ 4.00.140
G -
{’/;

where E° is the kinetic energy of the electron in MeV, Py is

Epe Lem']

the momentum of the electrons in MeV/c, “1/2 is the ft-value
of the s-dacay:

K, - K"'Ve*e‘ for 1)
Ko =~ Kt Vgt e forc2)

p.B° corresponds to the phase space factor for the considered
scattering process. ‘t1/2 is inverely proportional to the

transition matrix element of the nucloi (x-xl, resp. X-K

).
15)27) 2

The neutrino nucleus scattering cross section is
G(%n) = 6(5.p) = 810 p.Ee [em]

The cross section on deuterium might be supressed by a fac-
tor 228). The formulas do not contain a final state Coulomd

correction. For the secondary electrons isotropy is assumed.

4.2. Cro-s_Sections for Neutrinos from v‘-becaz

. An average cross saction is obtained by folding with the ener-

gy spectrum:

7¢+/3—~e‘+n & = A0 cem®

- . — ~%
Ve ;.A(N_.,e ¢ S‘;:xmd : o =« 2.3.10 CI')IL

Aluminium which occurs naturally as a pure isotop, is an inter-
esting target for tha study of neutrino nucleus interaction, be-
cause of the small ft-valus of 5127 ground state "‘1/2' loa’slcc).
It 4s difficult to estimate the contribution of excited states

of 5127 to the cross section. With the available energy also
breakup of nucles is possible>?’.

$. Neutrino-Electron Cross Section

The total cross section for the reaction
Ve e - Ve + €

in dependence of the neutrino energy Ev can be calculated
with universal couplingl‘)al) (Pig 2).

~46 2
6 = J7.10 E, Lem'’, Mev]

The energy spectrum of the secondary electrons is conatant

in the interval

O <Ece B /1+ %)




The uniforn encrgy distribution corresponds with a strong
forward peaking of the electrons. Taking into account the
enexgy spectrum of the neutrinos an average cross section
is obtained: :

G«53.16cm"

In a E., 0.—diuqzau, events only are possible by kinematics
in the dashed area of Fig. 5. The energy spectrum integrated
over the solid angle is apprxoximately

w(E.) ,ﬂ’_[/_ 4(2E) + 3 &Lie)‘]
3me My Wi
The scattering of antineutrinos will not be discussed fuxthex,
the cross sections being approximately three times smaller and
the sacondary electrons have smaller energies.

6. Experimental Technique

6.1. Detector

Tho event rates which will be given in the next section

have been calculated under the assumption of a target sur-

face of 120 .2. The detector will consist of 30 subunits
{modules) each composed of a target, a triggercounter and

an optical spark chamber. The subunit has an arca of 2-2 e

and a thickness of 7 cm. The whole detector volume will be
approximately 12 mJ and will have a maas of approximately

3,3 tons. Photography is done from below viewing directly the
fancd-out spark chambers without using mirrora. The detector

is surrounded by a heavy concret shielding. The detector has
the important feature that by interchanging the target material
all the experiments listed in the introduction can be mada with
the same apparatus, one after the other.

6.2. Target Material

In two successive experimentsunder the same condf{tions the tax-
got materials CH2 and C will be used. The hydrogen in CH2
ves as a proton tarxgat for the antineutrino from the decay
'—-e"+9:_fv/_
i.e. the amplitude of the process violating the additive lepton
nunber conservation of u+-dacuy is determined by the CHR/c-ditfo-
rence event rate. For various reasons it is expected that the
cross saction of the ;;-C reaction and the vq~C xeaction will be
appreciably smaller than the cross section for ;;-p and ve P
resctions. Should therefore the u’-dacly predominantly occur
according to the equation

ser-

+ + =
[ Vet e

only a vory small number of events should remain from the
Cuz-c—mcalurcmcnt. For the detection of Ve 2 differcnce

measurcment between D0 and 4,0 will be performed. This ex-

2 2
periment at the same time allows a comparison between experi-

mental and thcoreticalza)

ve-d cross section. In the follo-

wing an experiment with aluminium targets as well as other
targets {e.g. C‘Clz) will be done. At the samo time data are
accumulated which should contain also ncutrino electron scat-
texing., The separation of such events should be possible due

to the atrong forward pcaking (Fig. 5). In addition the event
rate for vga-ocattering must bas proportional to the atomic number

of tha target nucleus.

6.3. Targat Thickness and Trigger Conditions

In order to suprcss short range particles as well as acciden-
tal coincidences an m-fold coincidence of successive trigger
counters is required. On the other hand due to the finite
range of the elcctrons m should not be too large. An optimum
with respect to the avent rate is reachcd approximately at

mt
=0 4
Rmax
n: number of successive trigger counters in coincidence
t: target thickness
”n:x‘ maximum range of electrons (measured {n the same units
as t} (Fig. 4, €).

¥With this condition one observes approximately 40 t of all
neutrino reactiops; for carbon and m = 5 one obtaines t =
1,8 9/cmz. Por further optimisation Monte Carlo calculations
are neesded.

6.4. Trigger Counters

Plastic scintillators aro not sultable as trigger counters

because of the high density and the chemical comgosition.
35)"mnuleu‘ multiwire proportionsal

counters are in devolopment. Thase counters have somcwhat lar-

ger response time as well as a time jitter. For the small event rate
expected this can be tolerated. ’

Therefore large area

6.5, Anticounter

In order to reduce the trigger rate by cosmic muons down to
lohaﬁec. a veto factor of the anticounter of several times 10‘
is required. The possibility is studied to use large area multi-
wire counters instead of plastic or liguid scintillators.

6.6. Spark Chambers

Optical thrce-electrode spark chambers with small mass of the
mesh type will be used.

6.7. On_line Computer

Since the experiment with its low counting rate needs a long
exposure time, a certain degrase of automation should be reached,
a.g. the efficiency of the trigger counters should be suparvised
by on line computer technique. For each event the trigger pattezn
and digitized pulsehaights measured by the proportional counters
(trigger 8) are I ded on gnatic tape. Perfodically
measured single rates as wall as information about the beam con-
ditions will be stored on diso.

6.8. Cvaluation

Only a small fraction of the pictures will show ncutrino
events. Cosmic ray muon tracks will be eliminated by intro-
ducing a reduced fiducisl volume. Elcctrons can be clearly
distinguished from protons from multiple scattering mcasure-
ments. Pig. 7 shows tho expcctation value calculated accor-
ding toaz) of the projected scattering angle in carbon for

a targot thickness of t = 1,8 q/cuz in dependence of the xest
rango. As can bo secn stopping protons and stopping electrons
can bo distinguished at a high confidence level. The separation
of stopping protons and 50 MeV eloctrons which leave the Ce-
tector after 5 subunits, however, is less good. In this lattex
case one loses with a track length of ¢ double sparks 50 § of
all electrons when 90 § of the protons axe oliminated.

7. Event Rates

E { dor (v-K)
{ 2 {or (V—c)
where

noutrino flux

<

average cross saction
atomic number of tha target
mass numbar of the target

» ¢ a m




”

target thickness

r total target axea

[y average distance betwaen detector and the
neutrino source

L Avogadro's nusber

q probability to observe an interaction

Especlially for F = 120 nz, L = 10,0 m (this corresponds
to 8 m tron shielding instead of tha 5 m quoted by the
LAMPF Neutrino Users Group), t ~ 1,9 q/cn2 q = 40 § the
following event rates can be expcctéd.

. assumed clecny rotid
reaction| ut~et event rake

clay '

8

Vot p=ecen
(rn CHa)

Vete ~ e+,

0 03

(in AC) vith mrmi conpting)
23
V.f 4( -
€ + S[’;, " 0 ‘ 10 - :
Ve + d -

St prp 0 5
(in B0)

8. Shielding

8.2. Shiclding Between Beam Dump and Detector

In view of the small ncutrino ovent rate of somc ten events

per day the secondary neutrino flux from the dump must be
‘reduced ‘to a few events per day at the detector. Neutrons

above 100 MeV can produce in the detector recoil protons

which can trigger the detector and which can produce tracks
similar to those of electrons. Neutrons above 300 MeV can

crcate plons which stop in the target and are undergoing

the u-e-decay sequence. This electron source must be comple-
tely eliminated. In the beam dump there will be produced per in-
coming proton approximately one neutron with energy larger than
100 MeV, i1.e. at 500 yA proton current approximatcly 2-10
nheutrons per d will be prod d in the forward dircction.
The energy spectrum of the neutrons has a mugimum at approxima-~
toly 400 MeV with a half width of approximately 100 MeV. Per-
pendicular to the proton beam direction the neutron intensity
will be reduced by approximately a factor of 5 and the average
energy will be emaller by approximately 100 MaV. The required
reduction factor of the neutron flux is approximately 1017. As
shielding material only iron is in question. For tha computation
of the absorption langth the inelastic n-Cu cross section (taking
!xon’a. Fig. 8) is used and recomputed for Fe with an A’la ra-
tio.

/\E':d - 127 em
After tho first inelastic rcaction the neutrons are not
lost completely, they are however reduced in energy by a
factor of upproximately 0,65. In three steps tho averaga
energy is below 150 MeV and after that the neutron can be
considercd to be lost completely as the cross section is
increasing rapidly with decrcasing energy. After the thick-
ness x of the absorber the neutron intensity is

X 2 _x
NOO =N, (1o e )€™ N 25 <

In ordex to obtain a roduction factnr of 1017 approximately

8 m of iron (density 7,8 g/cmg) wi1ll ba necessary. An additio-
nal reduction in neutron flux by slastic scattering proccsses
is to be expectod, but has not boen taken into account. The
hoight of the shielding must be approximately 3 m. Precautions
wmust be taken to avoid neutrons penetrating the detector from
above or bolow the shielding. Adaquate re-infor of the
shielding on top and at the betom must be provided. In order
to reach an optimum thickness of the shislding the last few
meters must be adjusted accordingly duxing the first phase of
the experiment.

8.2. Blockhouse

The detector will be put inside a blockhouse for protaction
against low energetic neutrons of the machine against gamma-
radiation from rg-decay and neutrons from cosnic rays.

8.2.1. Low Bnergy Neutrons

Individual neutrons below 100 MeV are incapable to produce
triggers, however, the low energetic neutron flux on the level
of the biological tolerance do,n of 10 nent:on-/c-z/lec i

too high by a factor of 100, since thoy produce random sparks

in the spark chambers as well as random coincidences. An at-
tenuation factor of 10‘ is required which easily can ba achieved.

8.2,.2, Gamma Rays

Indirect Jamma rays with enargies larger 10 MeV must be
shielded carefully sinco they are producing electron pairs or
compton electrons which can simulate neutrino events. Gamma
rays must be absorbed by adequate lead shielding of the targets
and the beam dump,

8.2.3. Cosmic Neutrons

The cosmic neutron flux with energies above 100 MeV is approxi-
mately 2-10-3 neutrons per cmz/aeag‘)
face of the detector of approximately 20 m°, 4-107 neutrons per
day will reach the detector. This background is under study at
our laboratory.

. With an effective sur-
2

9. Pre-experiments and Additional Bxperiments

In order to check some of the most important Eomputatxon- and
eastimations a model set up scaled down in the ratio of 1:4 has
been built, A subunit of the model set up consists of a thin

wall aluminium spark chamber (0,4 g/cmz), & plastic trigger
counter (1 cm thick) and epace for targats of different materials.
The whole model is surrounded by plastic scintillators which
sexve as anticounters. The spark chambers are triggered by 236

sscceseive scintillators. The gollovlnq measurements will be
made:

a) Range of electrons with the target materials C, C“Z’
nzo, DZO, aluminium and heavier materiasl for various
energies up to 45 MeV.

b) Calibration mecasurements on discrimination between elec-
trons and protons by means of multiple acattering mcasure-
ments .

@) Determination of the frcquency of proton triggers rosulting
from cosmic ray neutrons

d) Detexrmination of frequency of pion triggers reauliinq from
cosmic ray neutrons

@) 5tudy of tha background nearby o beam dump of 600 MeV
protons (e.g. CERN Isolde)

f) Determination of an upper limit of tha frequency of clectron
tracks resulting from steep muons (8-rays) and resulting from
stopping muons (decay alccttonl).\
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tic neutrino scattering. Due to
e onorey speetre inos from u‘— Optimisation of the target. q = the probability that

the finita encrgy spectrum of the neutyr )
he dcpendonca of encrgy and scattering angla interaction in a target produces a trigger signal.
decay the depe t = thickness of a target subunit. m » required num-
is not unique. bar of coincidences. R = the range of the most oner-
getic electrons. Q = proportional to the observed event

rate.
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SUMMARY OF EXPERIMENT

We propose to use the neutrinos arising from the decay of stopped
»+ and ut wesons in the LAMPF beam stopper to:
8) determine the form of the lepton conservation law;
b) measure the rate and angular distribution of neutrino-
alectron scattering;
c) look for anocmalous “w interactions; and
d) search for lepton non-conservation and neutrino

oscillations.

A liquid hydrogen Cerenkov counter will serve as:

a) the target for neutrino interactions;

b) an indicator of the electronic nature of the neutrino

interaction secondasries; and

c) a measure of electron energy losa in the target.
The polarity, direction and momentum of the electron (from v-e
interactions) and positron (from v-p interactions) secondaries
that emerge from the target will be measured with & spark
chazber-magnet spectrometer.

Since the detector measures the electron energy as well as the
neutrino-electron angle 4t kinematically constrains the inter-

action and so determines the neutrino energy.
The experiments that we think are most appropriate to
LAMPF and that cannot be done properly at sny other existing
accelerator are: ,
1) Test of the Multiplicative Lepton Number
Conservation Law

2) Search for "W e alalslc scattering

3) Measurement of the Rate of Diagonal Current-Current
Intersctions; L.e., cross section of ve- e

scattering

14

4) Search for neutrino oscillations and lepton
non-conservation,
Although mast of these problems have been discussed widely
for some time, only in cases (1) and (3) have any measure-
ments been made and these were inconclusive. The advent of
LAMPF finally makes possible the resolution of these funda-
mental questious.

Our proposed experimental srrangement is designed to
carry out all of these expericments sioultaneously and with
the same apparatus. In particular we {ntend to measure the
polarity and momentum of electrons and positrons arlsing
from neutrino interactions w{th the protons and electrons
fn a hydrogen target, 1In the LAMPF beam stopper reglon

neutrinos arise from the decay of stopped »* mesons and the

subsequent decay of ut mesons. - decays can be ignored
since the ratio of n~ decays to u* decays in the LAMPF beam

stopper is < 10-3.

The »* decays give rise to monochromatic
w with £ = 30 Mev, If the sdditive lepton number conser-
vatfon law holds then the ut decay gives rise anly to v, and
1“, while {f the multiplicative law applies the u+ decays
also give rise to an equal number of 7. and e All the
neutrinos from stopped muon decay have a broad energy spectrum
extending from 0 to 53 Mev,
The results of the multiplicative law test will deter-
mine the kinds of neutrinos emanating from the ut decays,
and so specify the gnalysis of any neutrino interaction
experiment; for example, neutrinc-electron scattering or
neutrino capture in 0137. R
In particular, in analyzing the neutrino-electron inter-
actions {t must be realized that {f:
1) Lepton conservation law is add{tive and there
' are no anomalous {nteractions only v, should be
consi{dered,
2) Lepton conservation law f{s multiplicative and
there are no anomalous interactions both Ye and
:. are involved in the i{nteractions,

3) 1f there are anomalous interactlons then “w and

V“Ire also involved in ncutrino-eclectron
i{nteractions.
. The sbove considerations sre indicative of the (nter-

relationship between the analysls and results of the various

proposed neutrino experiments,

II. Multiplicative Lepton Conservation law

It is well known that all present experimental r.lultlllz)

on leptons are consistent with the axistence of either

a) an additive conservation law of electronic and

muonic lepton numbers, in which the suzs zL. and tL“ are

separately conlerveda), or




b) a multiplicative conservatlion lnw‘)

the sum :(L. + Lu) and the gign (-l)m'O (and conaequently

,» 1o which only

also the sign (-1)"11) are sepirately conserved.

Several experiments have been carried out recently in
order to decide which form of the lepton conservation law
prevails. They resulted, however, in upper limits of Ca
(the weak-coupling constant only allowed by the multipli-
cative conservation law) that sre very much larger then C,
(the univeraal vector-coupling constant of beta decay).

The results given by the search for suonlus-entisuontium

conveulons) and for the process ¢~ + o~ « §° 4 u") were:

Cy = 5800 C, and

Cq £ 610 C, , respectively,

An nnnlynln” of the recent CERN high-energy neutrino
uparlunt”, testing the conservation of the muonic lepton
nuaber, (ndicated that the upper limit of C, should be of
the order of 5Cys 1f it is aseumed that the neutrsl leptons
and charged leptona behave identically {n weak {nteractions.

The above approaches to the problem sre presently
inconclusive and do not promise ll!ﬂlf'.CIH.t {mprovement in
sensitivity. Another epproach to the problem, suggested by
Pontecorvo?), ts more promising. Ke ahowed that the
multiplicative conservation law can be tested directly by
the fnvestigation of the muon decay products,

According to the additive conservation law only the
decay:

ut - .'*+v,+7“ )
is allowed, wh{le the multiplicative conservation law allows
two equally valid channels:

whe et v ey w

¥ - -‘#?‘ +wy (£}

1t is obvious that the vslidity of the multiplicative
conservation law can be tested by a search for decay mode (2).

1f the muons decay at vest, then "W and “v'u cannot interact

with nucleons vis any allowed current-current interaction
channel because their energy is smaller thsn the muon mass,
, and the problem {s reduced to the datomlnnt&o:) of the
relative proportions of v, and Veamong the decay products.
Since 'i" interact with protons according to the scheme
Vet P n+ ot 3)
whereas the reaction

vetp~n+et %)

1s forbldden by any lepton number conservation law, reaction (3)

with neutrinos from stopped u"' can be used as a test of the
existence of the multiplicative conservation law.

The emergence of positrons from our hydrogen target
would be Indicative of the occurrence of resction (3), while
the absence of such positrons would demonstrate the validity

of the additive law,

I1I. Sesrch for v, -e Elastic Scattering

The current-current intaraction does not allow v -e *

elastic scattering. MNowever, there have baen various
speculat{ons sbout possible anomslous v~ €~ and L e”
interactions{10-11), An obssrvation of these processes

would be most interesting.

The decay of stopped o produces monochromatic v, of

30 Mev totsl encrgy. The flux of such y, is equsl to thst

of vy arising from ut decay, The s, energy spectrum, of

course, extends from 0 to 53 Mev (Fig. i). The " e inter-
actlons can be recognized by an enhancement at 30 Mev in

the neutrino energy distributlion obtalned from the reconstruc-
tion of the neutrino-electron intersction events, provided
the v, & cross section (s not auch lass than the vg- o

cross section.

IV, v,- e Elastic Scattering

Although the current-current weak interaction completely
specifies the rates for all four-lepton interactions, it has
been pointed out(u'u) that the disgonal {ateractions, i.e,,
slastic scatterings, are not necessarily constrained to the
same coupling constant as the non-dlsgonal interactions.

The V - A theory predicts that (13)
Tl

o(V, + ¢ Yp + &) = and

3 .ccz
. ook,
ovg + &= yqg + &7) = $2-

where [ _
'i‘f = 1.67 x 10745 en? - Mev'l, and
ng

B+ e = :—:;7 [1 - :—.]
do + o c'n
'ﬁ(’. ) -

where T is the kinetic energy of the recoll electron,

Using neutrinos from s fission reactor, Relnes and
curslgive established sn upper limit for

a(Ve + & = Vg + €7) £2,5 Iyea

(the prediction of the V-A theory). There have been no
studies of v~ &~ cross sections or of -nguht‘ distributions
for any neutrino-electron scatterings.

The eross section for vet €7 = p .+ @ will be measured
by the rate of negative electron em{ssfon from our liquid
hydrogen target, and the -n;ullr.dhtrlbution by the directions
of the emitted electrons,

It should be noted that the neuvtrino-electron {nteractfon
study will be carried out i{n parallel with the mult{plicative

law test.
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V. _Search for Neutrino Osclllation

Pontecorvo(15) has pointed out that Lf the leptonic
charge 13 not exactly conserved then there can be transitions
Ve,u & v..u and v, = ve. Such transitions are reminiscent
of the weak transitions between X° and ¥° due to non-conser-
vation of hypercharge. Just as a KO amplitude develops with
time in a beam of initial KX°, so & ;. or vy amplitude can

develop in a beam of vee In the X° case, the time required

for the growth of the K° amplitude is determined by the

Kl-Kz mass difference. In the neutrino case the oscillation
period 1s determined by the mass difference of the neutrinos
involved In the oscillation. Such an osc{llatfon, of course,

requires at least one massive neutrino,
Ey

= (o -m

The neutrino oscillation parfod, T i
'1 '2 v

, could

range from atomic to astronoaic dimensions. If the oscillation
length is much less than the flight path o} our neutrinos

then such an osclllation will produce effects mimlcing those
of the aultiplicative lepton conservation law or of an anoma-
lous neutrino interaction. Oscillation lengths comparable

to our neutrino flight path or hydrogen target thickness will
make the neutrino osc{llation process recognizable., Very

long osclllation lengths are beyond detectlon with terrestial

neutrino sources.

VI. Experimental Setup

The experimental setup consists of

1) a neutrino source in the beam stopper;

2) an fron fllter to absorb charged particles, neutrons
and gamma rays,

3) & liquid hydrogen target-msgnet spectrometer to anal-
yze the neutrino i{nteraction secondaries;

5) an array of coinclidence and anti-coincidence

scintillation counters

6) an iron shield surrounding the detector array.

V1I1,Noutrino Beam ) 3
The 700 McV protons of the LAMPF are stopped in an

iron block which serves simultaneocusly ss a target and a
shield for all possible particles generated, except neutrinos.
The range of primary protons in the iron block {s about 35 cm.
and the major{ty of these protons undergo nuclear {ntersction
in the first two colllsion lengths, f.e,, in about 26 cm.

The maximum energy plons produced by the f{nteraction
of protons have only slightly longer range than the protons,
and the bulk of the pions are stopped in a much shorter dis-
tence, The rame is valid also for the charged particles
produced i{n secondsry Interactions by protons and pions.
Thus the majority of plons are produced and slowed down in

the first half meter of the {ron block,
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The intensity of neutrons generated by the primary
protons {s attenuated only by their nuclear interact{ons.
The collision length for the maximum energy neutrons fn
iron is about 13 cm. Using an {ron block of 2 m length in
the direction of the proton beam and S m thick perpendicular
to the proton beam (on one side of the beam, see Fig 2),
the intensity of maximum energy neutrons {s attentuated by

a factor of about 5.106 in the forward direction end by a

factor of about 5.1016 perpendicular to it, The attenuation
of neutrons having smaller energy, psrticularly those scattered
almost perpendicular to the direction of the primary proton
beam, is many orders of megnitude larger, mainly due to their
soxller collision length,

Since 2 m or 5 & iron corresponds to 111 or 278 radisticn
lengths, respectively, the electron-photon component gener-
ated {n the nuclear cascade processes {s also totally absorbed,

According to the above consideratfons, a neucflno
detector which i{s placed behind a 5 m thick iron block,
perpendicular to the primary proton beam, and surrounded by,
say, 2 m thick iron blocks from sll sides, is shielded prac-
tically for all radlation except neutrinos,

The nature of the neutrinos reaching the hydrogen
target depends on the pion and n;on decays in the beam stopper,
The number of w~ produced is 1/7 that of -+ produced. p”
can only arise from v~ decay {n flight since essentlally all
x" that come to rest ara sbsorbed by nuclel. ut arise asinly
£rom s+ decays at rest, The probabllity of plon decay in
flight is : 1%. The probability cthat a pu* stopped in fron
can decay before capturs {s 10§. From these probabilitfes
we have that for each u+ decay there are 1/7000 p~ decays;
1/700 ¥~ decays 1a flight; 1/100 vt decays in flight and
1 vt decay at rest, According to this the only significaat

(16)

neutrino sources are »* and u* decays at rest.

VIII Liquid Hydrogen Target - Cérenkov Counter

The major difference between the LAMPF neutrino beam and
those at fission reactors {s that the neutrinos at LAMPF have
one order of magnitude higher energy than those at reactors.
This feature permits a modification of the classical neutrino
detection technique. 1In particular, {t {s now possible and,
of course, desirable to detact the positrons and electrons in
proopt coincidence and sf{multaneously observe their trajectorles
{na magnet-spark chamber spectrometer.

The key to the test of the multiplicative law is whether
or not any of the nsutrinos produced in the ut decay will inter-
act with protons to produce neutrons and positrons; i.s.

Ve +p~n+et )

In order to avold any vy nuclear {nteractloms which can

produce electrons, vy + 0 = p + e, and could give rise to

positrons through cascade processes we sust use a liquid



hydrogen target. In addition, the large radlation length of
hydrogen minilmlzes the chance of producing background electrons
and positrons froa gamme rays. This virtus of hydrogen is
eveh more critical in suppressing backgrounds that would

simulate v - ¢ elastic scattering, because of the appreciably

smaller vg- e~ cross section,

In order to detect the production of an electron or
positron as well as to determine the energy loss of that
particle {n the target, we {ntend to messure the CErenkov
radiation enitted {n the target, The Cirankov radistion pulss
height combined with the magnetic spsctromster momantum and
trajectory measurement will be used to reconstruct the kine-
matics of the interactfon, f.e,, determine the neutrino
energy and angle between the neutrino and electron.

The thickness of the hydrogen target, as deterained by
the average electron range, will be about 1 meter, The trans-
verse dimensions of the target will be 2 meters high and

& maters wide,

I1X, Magnet - Spark Chamber Spectrometer

The spectrometer is required to have an aperture
properly matched to the dimensions of the hydrogen target
(Fig. 2) and capable of measuring momenta of electrons
between 5 and 50 Mev/c.

The magnet will have an aperture 1 meter high and
4 weters wide. Since only a relatively small bending power
is needed to analyze these small moments, the magnet can
be quite thin, 5 cm, The total weight of the magnet will
be 17,300 lbs.

In getting the bending power of the magnet it {s desirable
to have the angle of deflection in the msgnet conalderably

larger than the multiple scattering angle.

/
.

The relevant formula is:

Paag 1“"" [Tred )
* 73 T
facatt, proj.

where IH dt = the bending power {n gauss meters;
lpgd = the radiation length of the material the electron

traverses and L = the path length of the electron., In order
mag
scatt. proj.

to have ~ 10 with our spark chamber system we

wust have { Heds ~ 200 gauss-meters, To minimize the multiple
scattering in the region between the spark chambers of our
systen & helium bag will be inserted.

The spark chambers will be of tl;e conventional optical

type and of dimensions appropriste to the system aperture.

X Counter System .
The apparatus will be triggered by a coincidence between

tha Hy - Cerenkov counter and two scinrilletion cotnters, one,
C1, immediately downstream of the hydrogen target and the

other, Cj, after the spark chamber aystem, provided there 1a

|no pulse {n any of the counters forming the 'nntl-colncldcncc
shield, rig, 2.

XI, Bhielding

As indicated above thers will be a S meter thick steel
shield between the beam stopper and our -ppn'ntua to absordb
non-neutrino particles from the accelerator. To shield the

apparatus from ed accel duced radiation we

| 4

. plan to surround the appsratus with an ~2 meter thick steel
shield, .

The soft component of cosmic radistion will be screened
by the steel shield, while triggers due to the penetrating

component will be vetoed by the anti-colncidence shield.

XII, Rates

Protons of 700 Mev have s total cross section of~850 mb
per iron aucleus and~130 ab for »* production per {ron nucleus,
From these numbers we expect 101‘5 »* per 6 x 1015 protons
incident on the beam stopper. Of these r""S_O 4 vlil stop and
decay rather than interact giving rise to 5 x 10“ »t decays/sec
and the same rate of p+ decays.

With a 5 meter thick plug our target subtends a solid
angle of 0.2. If the multiplicative law applies, then
one-half o'f the electronic neutrinos from ¥ decay will inter-
act with protons in the hydrogen according to reaction {5).

Using a mean cross section of 1,2 x 1o"'° c-z

we have
in this case 1 neutrino interaction in our target every
400 sec or 9 interactions/hour,

The spectrometer subtends a solld angle of adout 10%
for positions originating in the “2 target, Prom this we
get about 1 magnetically analyzed neutrino-nucleon interactions
per hour,

Additional rate losses due to positrons that do not
leave the hydrogen target or are otherwise lost in the
spectrometer will reduce this rate to about 15 events/day.

Yor ve - @~ scattering we have a mean cross sectfon of
~6 x 10"3 cnz. The angular distribution of this process is
predicted to be peaked in the forward direction and so we
expect an order of magnitude enhancement {n the collectlon
efficiency of our spectrometer.

If the addltive law is operable we expect 1.5 eventn[daz,
whereas the multiplicative law g-{vea only 1 event/day. The
difference is due to the fact that o (Vg~ &7) fs predicted to

be 1/3 of u(v.- e).

XIII, Preparation for Experiment

) We have constucted & 1/4 scale model of the magnet-spark
chamber spectrometer, Fig. 3. 1In order to verify the precision
with which {¢t can snalyze elegtron momenta we {ntend to calf-

: brate it at an electron accalerator.

We also hops to estimate the likelihood that a cosmic



ray {nduced trigger gives rise to an acceptable track in the
spectrometer system by operating the model spectrometer in a

simulated experimental area environment.

X1V__Installatfon of Apparatus
Although we feel quite confideat in our shielding calcu-

lations we hope to verify them by a step-by-step installation
of the shield. Although we intend initially to provide space
for a 7 meter long lhleld’ln the neutrino beam we will study
the dependence of the background on the thickness of this plug.
At present we think that S meters is an adequate thickness,
but Lf we can tolerate a thinner plug we can increase our
solid angle for neutrino collection, Other aspects of the

shield may also be varied during the installation perfod.

XV _Qrder of Dste-Taking

When the shlelding has been completed and the apparatus
has been-fully tested we hope to begin with a two week run
with a Hy £111 {n the target. During this time we should be
able to test the multiplicative law and to determine the
ve- € scattering rate. It would then be desirable to put D, h
in the target and calibrate the neutrino source via the

resction

vgtn-pte (6)

This calibration {s necessary to interpret the dats tnken.
with the Ry £i11,

1f we are unsble to borrow sufflcient D, from bubble
chasbergfor this calibration, then it will be necessary to
carry out this phase with a liquid Nz or 02 fill and make
the appropriate excluslfon principle corrections.

Finally we will rcplace the H2 £{11 and continue taking
data. for the various neutrino-electron scattering exper{-

ments. This phase of the experiment may take about one year.

VI, Construction of Apparatus

The hydrogen target represents the most costly and
dangerous element of our appsrstus. It would be most desir-
able {f the Los Alamos Scientific LabOQICOry could undertake
the construction of the target and be responsible for the
cryogenic aspects of its operation.

The construction of the 1/4 scale magnet-spark chamber
spectrometer was & simple, straight forward operation. We
anticipate no difficulties {n the constructlon of tha full
scale system, The counters and electronics are all of econ-
ventional design, some of which presently exl{st and the rest
can be read{ly scquired.’

Expect for the hydrogen terget, whose construction

schedule we cannot easily estimsate, we see no obstscles that
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will prevent the construction of the apparatus by the fsll of
1972 (except money),
. Of course, we hope that LAMPF can obtain adequate

amounts of steel or other appropriste shielding.

XVIX, Additiona) Neutrino Exper{meats Appropriste
to this Apparatus
A) The Paulil Excilusion Principle restricts the p to n
or n to p transition in complex nuclef with very amsll
momen tum :rnnlferl$17) This drastically reduces the proba-

billity that & v, can produce a forward electron in collislons

]
with complex nuclef,

This prediction has been interrogated by a LN Fe inter-
action experlment(la) at Argonne with uncertain results, The
interpretation of thelir results is clouded by the difficulty
of separating purely four-fermion events from those that
produce a x°, say via N' production, Again, the LAMPF neutrino
energy range is ideal for overcoming this problem. We could
verify the Exclusion Principle predictions by filling our
target with liquid 0, and observing the angular distribution
of the outgoing electrons.

Since we may, in any case, fi{ll our terget with 02 or “2
during the {nitial testing or calibration phases this obser-

vation msy not even require any additfonal running time.

B) Within the framework of the V-A lhcoty, the non-i{sotropy
of the angular distribution of electrons and positrons emitted

in neutrino-nucleon collisions {s determined by the value of
[ P,
;e . Although ;e has been determined from the messurement

of the neutron lifetime and some other decays, it would be

interesting to verify that {ts value in the region of momentum

I transfer avallable to us is the same as {n those other processes,

This obsarvation could be performed with our apparatus
provided we rotate {t by 900, This experiment would require

additional running time of about one month,
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Zstimation of the Background 4

¥We have to consider the following sources of background for the
proposed experinments:

For the test of the Multiplicative Lepton Conservation

Law we have to take into account
{(a) Cosmic Raye

(b} Accelerator Muons

For the various peutrino-electron scattering experiments

we have to take into the same b

and, in addition, if the Multiplicative Law holds the
*ncquound given rise by the reaction

I’;O-p - n +.‘

(1)

The expected rate of the latter events has been estimated
about 20 times larger than the rate of neutrino-electron
scatterings. The positrone produced in reaction (1) cam
be, however, easily distinguished from the olect!opl
given rise in ing pr by ing the

curvature of their tracks except of very unfortunate

scatterings in the material of the spark chambers. The
probability of such simulated electron events is, however,

about 10 times smaller than the expected rate of neutrino-
electron scatterings (and appears only in the case of the
multiplicative law), ’
(a) gcoemic Ray Packqround
The cosmic ray background was estimated by using the
experimental data of Reines obtained with a In?
1iquid acintillation slab at LASL in 1956 (see
“Neutrino Experiment at LAMPF", Z. Reines 1970) .
Taking into account the duty cycie of LAMPF and an
anticoincidence factor of about 10% Reines con-
cludes that the cosmic ray background for a neutrino
detector of the same projected area can be reduced
to < 1/day. The projected 'axu of our detector is
almost of the same size as that of the above
detector. We are detecting, however, only electrons
emitted into 'the 80l1id angle of the magnetic spec-
trometer. Due to the fact that the axis of the
spectrometer is horizontal we have a strong angular
selection against cosmic ray particles which decreases

the rate of this background to < 0.1.

.

(b) e. (3 s

Muons generated by the accelerator in targets or

other materials upstream to the neutrino detector may
generate background events. The rate of this events css
can be, however, experimentally determined by varying
the thickness of the shielding around the detector

and can be reduced to a x ble value with suit-

able shielding and anticoincidence detectors.
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1.

Appendix 1T

Time schedule of neutrino expariments

¢ scale model of magnet spectrometer completaly tested

at University of Pennsylvania

Initiate design of liquid H2 target Cerenkov counter
in conjunction with Los Alamos Scieatific Laboratory

Test measurements carried out on the } scale model of
magnet spectrometer irradiated with electrons from

stopped cosmic ray muons

Final plan of the experimental arrangement for

spectrometer and target Cerenkov counter

Magnet - spark chamber spectrometer with anti-
coincidence shield designed

Magnet - spark chamber spectrometer with anti-
coincidence shield built

Neutrino Source, iron filter and liquid H2 target
Cerenkov counter built at LAMPF

Study of background and completion of shielding

Start of data taking

May 1, 1971

June 1, 1971

Sept. 1, 1971

Nov. 1, 1971

May 1, 1972

Aug. 1, 1972

Aug. 1, 1972

Nov. 1, 1972

Jan. 2, 1973
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Appendix I1Y - Responsibility for Apparatus

We suggest that the following division of responsibility

between LAMPF and the university participants.
1) Liquid H2 CY¥rankov counter

a) Cryogenics - LAMPF

b) Electronics and Optics - University of Pennsylvania

2) Magnet - University of Texas at Dallas

3) Spark Chamber System - University of Texas at Dallas

4) Trigger Counter System - University of Texas at Dallas

5) Readout System - University of Pennsylvania

6) Shielding Enclosure - LAMPF

7) Anti-coincidence Counter Shield - University of Texas

at Dallas

1f, as we hope, additional collaborators participate in this

expariment, we would anticipate an appropriate, mutually satis-

factory redistribution of the responsibilities.

Appendix IV
Budget Estimate for Neutrino Experiment

Iltem Sub-total
1) Liquid Hy Cérenkov Counter
a&) Cryogenics:
cryostat $50,000.
cryogenic instrumentation 10,000,
safety 20,000,
refrigerator” (60,000.) $0,000. + (60,000.)
b) Electronics
Photomultipliers 65,000.
H-V distribution 10,000.
75,000.
2) Magnet 20,000.
3) Spsrk Chamber System 20,000.
4) Trigger Counter System 10,000.
5) Readout 20,000,
6) Shielding Enclosure 147,000,
7) Anti-coincidence Counter Shield 30,000,
Total 402,000, + (60,000.)

'w. hope that an appropriate cryogenic refrigerator can be

borrowed for this experiment from another laboratory end

that we can avoid {ts purchase.
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ABSTRACT

Ve propose a nsutrino experiment to determino .vhothar "suon
conservation” is an additive or a nu_lupncntiw law. We search
for exotic muon decay, *

u’ -+ ot Ve v“ »
which 4s &llowed by the multiplicative lgw but prohibited by the
additive one. In order to distinguish this p‘roceu from the usual
nuon decay (u" + ot Ve V‘u) we deéoct the electron-anti-neutrino
from the exotic decay, using the inverse-beta reaction,

A v PeNe,
on free protons in water. Our neutrino detector is & 6 »3 water
Cerenkov counter, The nimtocuun; total absorption counter has an
enargy resolution of 10§ at 40 MeV, the typicel positron energy.

Wo use the LAMPF proton beam stop as an intense source of
positive muons decaying at rest. B8ix meters of heavy nsutron
shielding separate our detector from the besm stop.

The experiment can be run in & parasitic lodi, with ell up-
strean targets opersting. With one third of the full proton besm
arriving at the besm stop we expect a rats of 60 events/day if the

mltiplicative law holds.

PROPOSAL INFORMATION

BEAK mx Proton Beam Duxp, -
SECOMDARY BEAM REQUIREMENTS: Nons. - .
PRINARY EEAN REQUIREMENTS: 1/3 mA or more of the primary proton
: dean srriving at beam stop with en enargy greater
. . than 700 Hev, ! :
NUNNING TIME; Installation and Tune up Time: b monthe.
Data Runs: 800 hours.
SCHEDULINGt Non-LAMPP spparatus can be ready on Dec, 31, 1972,
LAMPP APPARATUS REQUIRED: Stendard Fast Logic Hlectronics,
Interface and Storege Device.
SHIKLDING ‘AND ENCLOSURES REQUIRED: 6 meters of iron barrier shield-
ing betwesn beam stop and apparatus, with matched
. 'dl.rt earth-shine and sky-shine protoction.
SPECIAL SERVICES: The loan of 1600 gallons of heavy water, to de
‘returned after the experiment,

SPACE NEQUIRED: A cubic volume 3a x 3mx 3,

I. JNTRODUCION

Meutrino interactions have dbeen observadlnt enorgies bolow a
few MeV and in the GeV rangs. The Ipn Alsmos Meson Physics Facil- '
ity offers the first practical opportunity, to study neutrino
reactions at intermeédiate energies,

The neutrinos originating in the LAMPF beam stop have a typi-
cal en'oru ot. 40 Mev: This energy is below the throshold for
producing muons and pions from m'on-neutrino-. Electron-neutrino
Anteractions cen tharogoro be studied without interference from

the trino pr which dominate neutrino events at the
high energy synchrotrons. Compared to resctor experiments the
higher energy of tiae neutrinos 1s & distinct advantage, for it
implies higher cross-sections and some improvement in background
rejection. ‘

One may envisage a varied and serious program of neutrino ex-
periments at IAMPP. This program could include a test of muon-
consorvation, a measurement of neutrino cross-secctions on chlorine
with lmplicl.t.ions. for ncutrino astrophysics, studics of giant-
ruom.nco and exclusion principle effects on inversc-beta decay
re.ncuom with nuclei, and elastic neutrino-electron acattering.

A1l these experiments have in common the roi}owin; features,
They can use the LAMFF beam stop without nodincatign- a8 a neutrino
,oma; they require a vell-shieided counting room and some six
moters of iron ahloldlng- betweon this room and e.ha beam stop. We
fa0l that such a genoral neutrino facility is vory desirable and
that it‘ would justify the necessary Qve-unnt in shielding by
extending the n;uc of interesting physics that can be done &t the
LANFPF. '

¥He propose & neutrino experiment specifically designed to
detormine vhother muon conu.mtlon is an additive or a multipli-
cative law, We believe that this oxpe.rnmnt, with linited ainm,
reasonably high ovent rate and fairly simple apparatus, could be
an sarly one in any noutrin.o progran. Incidentally, information
about the backgrounds sncountersd in this experiment may well be
useful in the detailed design of more ambitious and difficult

projects.
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The form of the law of conservation of muonness Ls of some
importance to the theory of weak intersctions. It was the absence
of the reaction ' '

Wwaetey , T Q)
a&lloved by lepton conservation, that first proapted speculation
about a new conservation law; a speculation based on the attractive
idea that any process which is not forbidden will occur. This

hypothesis, muon vation, was b quently confirmed by the

@iscovory of the muon-neuirino which cennot produce electrons by
the inverse beta decay process

Vpy+Z2 e, L (2)
and therafore is distinct from the electron-noutrlnoe.

Peindberg and Wei..mmrg3 pointed out in 1951 that there ars two
possibilities for the conscrvation of "muonness™ in weak inter-
actions. The classical one is an additive lew. Choosing & muon-
number Iy = +1 for u° and Yar Iy = -1 for wt and v“. and Iy = 0
for anylhing olse, we require

?I\l({) = constant.

The othor possibility is a parity-like multiplicative con-
servation lav, et B, = -1 for wt, w7, Vur Vo and B, = 41 for
anything else. Then we require

. I P“(i) - t:onntt.m(:.~

Iither conservation law prohidits reactions (1) and (2);
both g1low all our established lepton roactions. The predictions
are different only for reactions involving an even number of elec-
tron-1ike and muon-l1ike particles. Of the two laws the additive
one is stronger. In particular it prohibits the following four-
lepton interactions allowed by the multiplicative lamw:3

AR (3)
and
R A (O))

Reaction (3}, muonium-antimuonium conversion,requires a neutral
currcnt vhich could possibly be associatcd with a new interaction
which is stronger than veak interactions. Amato et 21.5 have
lookod for muonium-antinuoniun conver;ion in an argon atmosphers
and haye put an upper limit of cu/cv £ 5800 for the process, vhere
Oy and Cy are the coupling constants for reaction {3) and for the
weak interaction relpectivoiy. Barber ot al.s have scarched for
the equivalent process, &~ ¢~ - u” p~ to obtain the upper limit
cK/cv £ 610. Both limits are at the 955 confidence level.

Tho other test process, exotic muon decay (4) proceeds by a
charged current, It contributes to muon det;n.y, 80 that its coupling
constant cannot excecd c,,. cnmé’ has examined a CERNY neutrino
txpariunta for evidence of inverse exotic muon decay,

v, +Z+2 u.* «” Ve? and finds that the level of background is

B
150 timcs the maximm rate of the process, To have a Yackground
sufficiently low for this particular test of tho "muonness” 1w,
the v, contamination in tho high energy v“ beam would have to be

1Y
loss than 2 x 1070,

There 1s, therefore, no present experimental evidence that
would allow us to decide between the two conservation lmrs for
weak interactions. Ths additive law is pleasing because of it
similarity to lepton, baryon and ;:huso conservation. RMurthermore
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it does not tampor with weak interaction universality. The at-
traction of the multiplicative law is the natural way in which 4t
is associated with a world of exactly two lepton famfilies. A
mtiplicg.uvo uorid would allow us to understand better why the
mion exists and why it seems to ba the only heavy electron.3 There
is & price to pay: we would have to reexamine our ideas of univer-
sality. If the muon can decay into two channels (u + ot Ve 'u
and u 40 it~decay 1s

due to & prmuvo _four-lepton coupling summied over the two channelss

Ve “) then the effective atrength of

tharororo, it is not the primitive muon coupling conltuxt which
is equal to the vector constant in beta dacw.s

IX. THE _EXPERITNT

A, Design, Lot us recapitulats our present understanding of muon
docay. It is a pure V-A intcraction involving two distinct, mass-
less neutrinos of opposite halicity: u + et v V. e ernorgy
spectra for positron, neutrino and anti-nsutrinc are shown in Pig.
2. The neutrino spectrum is different from the common spectrum

of positron and anti-neutrino. The subccripts of the tvo neutrinos

P on the " " selection rule. The additive law speci-

fies v = Ve and V = vu; the multiplicative lox allows the above
sssignmont, but also its inverse, v = v, and R
A priori we expect the two channels to have equal ltren‘thg and

Wwe can summarize muon decay in tha following tsble:

Additive Multiplicative
+
[T e v’1 100% 50% (5)
+ =
wha ety N og 50% (6)

In our experiment we search for tho second of these reactions
(exoti.c p-decay). Ve look for mvern bete decay on & rreo proton
in a water Corenkov counter,

Ve+PaN+at, 7

The corresponding inverse bote reaction for usual p-decay (5),
Vgt P X 7, is forbidden by charge conservation; there is no
need to determine the sign of the lepton if a tree proton is iden-
tificd as the target nucleus.

What makes the experiment feasidle with a water target is the
fact that thore is no significant confusion between ths free proton
reaction (7) and neutrino events on oxygen. (See section ITX.A.)

By choosing wator us
our nculrino convorter wc avoid the cost and cryogenic effort as-

soclated with & large 1liquid hydrogen dstector. The free proton
density in water is 505 higher than that in liquid hydrogen, so
that there is a gain, rather than a loss, in counting rate/unit
volume,

We have designed the exporiment for oporation in the prcascnce
of & substantizl noutron flux, since e expect the residual neutroa
background not to ba negligible in the nautrino area. This is why
we have chosen a Cerenkov dotoctor; its discrimination against
neutrons is much luporior'to that of a scintiliation counter, It
is for the same resson that we do not rely on a delayod coinci-
donce in identifying our events, for such & technique requires low
probabilities of accidental neutrons in a delayed gate,

While 508 ~ 50€ is the natural relative branching ratio dbetween
processes (5) end (6) in a "multiplicative world", we expect to
be sensitive to any exotic contribution axcecding 108 of all muon
decays.



. ‘ .
B. Ceronkov Datector. Our neutrino detector, shown in Fig. 2 is

a nonfocusing total-absorption Cerenkov counter. A cube of 180 cm .
sise contains 6000 1iters of water, viewed from '-.u sides by 96
f4ve-inch photomultipliers, Optical contact and water seal are
provided directly by the photocathode envelops. The counter is
1ined with a @iffuse reflector. A wavelength lh.iﬁtr i3 added %o
the water 4in order to improve its p.&ommco. The gain of the
counter will be about § photoelectrons/MeV for particles with /.!-1.

The angular distribution of positrons in the inverse beta
process (7) is isotropic to within 10%. ‘n;o positron onergy spec-
trum 1§ shown in Pig. 3. Bescauss the cross~-section is proportional
to !.,2,' there {s a fairly sharp pesk at 53 oV, The aversge enorgy
of the positrons is 42 MeV. At A2 MeV the. counter will have an
energy resolution ¢ - 10%. Bnergy losses duo to edge effeots and
radiation will add a small low enorgy taid to the response curve,
but will not increass the width at half-hesght,

The detector {s surrounded by a bv solid angle cosmic ray
anti-coincidence shield. This shield consists of a set of 2l 11quid
scintillation counters, 220 cm long by 55 cm wide, Each scintil-
lator is viewed by a phototube from each end.

€. Muon Source and Event Rate, Our source of positive muons de-

caying at rest is the LAMPP proton beam stop. About ons helf will
slow down without nuclear interactions and decsy at rest. This
decay produces slow u.* vhich in turn stop and decay. On the other
hand, ncarly all the v~ are captured by nuclei beforo they can
decay. The i~ contamination of our u." source depends soinewhat on
the cc;mposition of the beam stop but will de less than 1%.

. With the full 1 ma 750 MeV proton beam absorbed in the beam
stop, the expected yleld i3 7 x 10“ u"'/ut:.9 It we assume a mul-
tiplicative hxv, we have 3.5 x lom V./lse emitted %-otropieuly
from the besm stop. )

The moen energy of the 'v'. is zms -39 Hev. ma cross-section
for reaction (7) is given byn

or @ 3 oI - 208 + 207 gay) (2.6/m) o, @

vhere ¢ = 2 o"/me. This cxpreosion yiolds ‘a mean cross-section
(o) = L2 x lo'ho ool for our neutrinos. The corresponding event
rate is found from

N(evonts)/sac = N(V,)/sec ﬁ‘% L gs (protons) (o.). .
Tho above calculation gives

R(events/Day Ton Hater™2)= 17500, (9)
whore uetor‘ rofers to the mean source-to-detector distanco and
Ton to thoe mass of protons in the dstector.

The proposed layout of the experiment is shown in Fig. 4. The
neutrino room is separated from the beanm stop by six meters of
shielding. The averesge bem-lbop-to-:dotector distance 1is 8 meters.
Our water Cerenkov countar conteins 0,7 tons of free protons,
Using (9), we obtain an event rate of 180/day with the full been.

The experiment cen thoresfore be run in & parasitic mode with
all upstroam targets operating. With one third of the boam arriv-
ing at the beam stop we still have a reapectsble 60 events/day.

D, Event Runs snd Calibrations, WHe consider 1000 evant-. (for a
Lifty-Lifty multiplicative law) & reasonadble goal for the cxperi-
ment. This corrasponds to 17 days or about 400 hours of boan at
1/3 intensity.

To provide a check on the experiment, ves propose to repeat
this run with heavy wator replacing the water in our Cerenkov
counter. Xelly and utmx-nl!.12 have shown that th.a cross-scction u'md
e~ distrivution in process v D + pps” are nearly oqual to the free
nucleon cross-section and distridution, We may, therefore, consider
this procoss &s an invarse beta reaction on a froe neutron in the
presonco of & spectator proton: .

T Vg tAa P+ (9)‘

The deuterium in heavy vator thorefore sllows the electron-
neutrino from normal k¥ decay (5) to initiate the inverse bdets
Process. In fact the total "free nuoleon® inverse beta decay rate
i» mdopondany of the choice of the muon conservation lav; this
fact m;nken such a calibration particularly desirable. To perform
it we noed the loan of 1600 glnoﬁu of heavy water for a two-week
poriod. The total amount of time we need for the two data runs is
800 - houra at 1/3 intensity. . ‘

Boefore we engqge in data taxing, we have to build up the shield-
ing to a point vhere the dackgrounds are tolerable, Whilo the
larger part of the barrier shield can be a fixed installation, the
last feour Ainteraction lengths should be variadble; we should also
allow flexibility for the rest of the neutrino house. We can then
check the gource and size of differcnt background contributions by
verying the shielding and find the final shielding configuration
required. The exploratory nature of this operation mokes predic-
tions of the required time risky, if not impossiblé. With this
reservation we estimate that the installation and optimization of

shielding and detector may take about 4§ months, with intermittent
parasitic beu; use &t variable intensity. .

* An independent mcasurement of the u."‘ production rate in the
bean ubop.uonld bs useful. Ve may bo able to oStun this nuamdber ‘
by building ‘& mock-up of the water and copper plate deam stop and
vioning 4t with ?hototubel. ¥We would stop protons of 750 MeV in
the mock-up st some minimal rate. Xnowing tm characteristic muon
lifetime, we would obtain the u"' to proton ratioc by observing the
timo distridbution of counts from our mock-up counter after each
incident proton, ’

For our muon consorvation experiment it is not strictly neces-
sary to heve both the u’ pMuction rate and the heavy water call-
bration. Either one will provide the necessary normalicaticn,
However, doing doth would give & msasurement of the absolute cross-
ssction for inverse beta process (9). Though it has never baen
seon, this resction 1s not expected to offer sny surprises; its
cross-section would de a gooa consistency check on our axperiment.

III. DACKIROUNDS

A. loutrinoa.. The oxygen in our water allows the inverse beta-
reacticn for the v, from normal muon decay {5):
. % - .
ve + 8016 - 9(lf") +e (10)
This reaction is a potentially serious background, since we do not
determine the sign of the electron., However, the maximum energy
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of the electron in (10) is lower by ~15 MeV than that of the posie-
tron in reaction (7). Free proton events can therefore be idents-
2ied by the}r enargy: the din'inctiv- ot peak at 50 MeV is adove
the cutoff for oxygen events. Xor reaction (7) Sh.x(o*) - 53 MoV
and (E(a%)) = 82 NeV; for reaction (10) Baax(e”) = 38 Mav,
(E(e7)) < 23 MeV; we have very difforent spectra indeed,

The total cross-section for process (10) on cardon,
Vgt 6c12 - 7u12 + &7, as & function of neutrino energy has been
cslculated by ﬁbeulln using tiro different sets of carbon wave-
functions. s

Messlah™ has calculated the cross-section for (10) on

oxygen at & neutrino encrgy of 40 MeV. In Pig. 5 we show these
results together with tho Cree nucleon cross-section (8). At our
energies the two calculations on carbon and that on oxygen all give
similar cross-sections: o, (vC)/o.(VP) =~ 1/3; g (v0)/o (VP) = 15,15
In vater we have tuo free protons per oxygen nucleus; but the
nuader of vg for an additiva lav is twice the number of '\'r'. for

a multiplicative one, so that the factors of 2 cancel each other,

In Pig. 6 we compare the free proton and oxygen elect gy
spectra normalized to their predicted cross-sections. With our
10% onergy resolution we could clearly scparate the free proton

svents aven if the predicted ong.en cross-section wers too low by

a factor of 5. An auxiliary result of our.oxporlment will be the
messuremant of the cross-section for {10).

Positrons froa cosmic ray muons stopping in our countor and
obcerved between machine pulses give us ths continuous and sccurate
snergy scale calibration that we need,

Other neutrino backgrounds for ths experiment are v ~ ¢ 8las~
tic -c;ttcrin.‘ and the correct invarse bata reaction (7) with A
from tho contamination of n~ dcca.ying in the beam stop. These -
backgrounds amount to only 2% of our expected real neutrino rats,

B. Saclay Background Study. We have built a 250 liter ;utor Cor-
enkov counter, and studied its response to monoencrgetic positrons,
and to backgrounds near the beam stop of the new 500 MeV 1/2 ma
Saclay Electron Linear Accelerltor.ls ’

The Cerenkov counter vas a 65 cm cubs with 8 photomultipliers
viewing 1t.
posed counter (section IXIb), so that we can regerd the Saclay

Its construction was identical to that of our pro-

counter as a 1/3 scale model of our proposed Cerenkov detector,
The un.iromity of rosponse of the counter was excellent, The energy
resolution at 50 XeV was ¢ = 11% for & photocathode to wall-surface
ratio which was 2/3 that of our proposed dotectt;xj. 'It. is on the
basis of the Saclay study that we predict our counter performance
with some confidence.

c. mamil Meutrons, If & therma) neutron is captured on s heavy

pucleus near the detcctor, We may observe & capturs - garma ray of
up to 8 MeV in the Cerenkov counter. This energy is well below

that of our ncutrinos, so that only the resolution and pile-up
tails can simulate high onergy ts.
t0 thermal neutrons is shown in Fig. 7.

+

The r of our

P

Pileup sffects are included,
The counting rate falls exponentially
with incroasing energy. A ,30 UsV threshold will give a rejection
factor of 1030 sgainst this dackground, Therefors, we can sllow

a rate of up to 104 elpeuri-aml/dly in our detector.

togother with the resolution.
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attenuate these neutrons dby -20°°,

D, High Pnergy Neutrons. The energies of proton recoils from 50
or 100 MaV noutrons covor.th- energy region of our real events.
Unlike a scintillator, our counter does not detect these protons,
since their 4 is below the Cerenkov threshold in water., A Cerenkov
counter sees 50 MeV noutrons only by their ndnuvt capture in

flight, N + 2 + 2! + y + Z' + e'e”, The cross-section for radis-

.tive capture is 3 orders of magnitude below that for elmstic scat-

tering (proton recoils), therefore 5x10u neutrons/day in the 50 MeV

range will give us -25 background events & day.

E. Neutron Produced Pions. A neutron whose energy is over 250 MaV
can produce & pion in the detector or near it. This is the nost
treachercus background, since muons from tho po;itiva pions emit
positrons vhose spectrum (Fig. 1) is nearly identical to that of
our real events, Becauss we have no kincmatical rejection at all
against this background we want to keop it under 1/10th of the real
neutrino ratc, A 500 MoV neutron traversing the deotector region
will meke & vF with & probadility of sabout )%, Therefore the rate

of such neutrons through the dotoctor has to be limited to < 1000/day.

P, Neutron Shield, The limits on ncutron rates at cur detector
are ~101thermal neutrons, 5x10“ 750 MeV" neutrons, and 103 *s00
Shie1ding which 1s sufficient to achieve

the lest condition ie slso enough for the first two: pion produc-

KeV" neutrons per day.

tion at the detector will be the doainant neutron background for
the sxperiment, .

The nuaber of cascade neutrons above 350 KoV is about 0,2/proton
or 102°/da.y at 1/3 ma deam current. m-.my; energy nautron angu-
lar distribution is strongly peaked in the forward direction; this
proupts the choice of 90°'tor the placement of the neutrino room.
Assuning that the relative probability of emission at 90° to for-
ward eaission is 10'2, and noting that our detector subtends a
s0l4d angle of 5x10~3, we get an unshielded rate of tha order of
10%% neutrons {E > 350 ¥eV). Therefore the barrier shisld has to

12 gix meters of steel is a gen-
erous estimate of the dapth needed. With such high attenuation
of direct nasutrons, sky-shine and earth-shine neutrons become im-
portant. The flux of such neutrons has to be ll.tch;d to that of
the di.roct ones by sufficient dirt shielding and side walls. Ve
are in the process of doing -a dotailed shielding calculation with

& LAMPP neutron code.

0, Cosmic Rays. Extrapolating our measurements made with the 250
1iter counter, we predict cosnic ray pulses between 30 and 60 KeV
at a rate of 2x106/dw in our propossd detsctor. The 6% bean duty
cycle cuts don this rate to 1.2:.105/653. We estimate the inef-
ficiency of our anti-shield to D& no worse than
3x10". This gives & cosmic ray rate undox-' 35 ovents/day.

Tor ‘those cosmic muons which seem to stop in our detector we
gonerate & 20 us anti-gate 4o eliminate positrons from their decay.
The dead-tims loss associsted with cosmic roys is insignificant.
Finally, we note that.the ic ray background rate and spsctnm
can be messured unambiguously.detwesn machine pulses; this allows
a confident subtraction of any commis ccntribdution.
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No. 38 - "Neutrino Physics Program: Elastic Scatter- . PROPOSAL INFORMATION

ing, Test of Multiplicative Law, Measure- . . Desm Area: At right angles to beam stop and In the range 6 - 12

maters from the stop.

ment of Neutrino Flux, Inverse B Decay," .

Secondary Channe! (if known):

F. Reines, Spokesman d
Beam Requirements: v from ut produced in beam stop with machine

H. Chen, W. R. Kropp, J. Lathrop, F. Reines, operated In the standard, advertized mode

H. Sobel, U. of California-Irvine; and . {~0.3 ma of 750 MeV protons oa beam stop).

M. F. Crouch, Case Western Reserve U. Primary Beam Requirements (State any r rem a
sccelerator beam, such as cner n t ua ] -

scteristics): Standard runaing configuration,

Ruaning Time Required:
RESEARCH PROPOSAL Installation Timve Required (no beam); no coastraint on beam
{O. K. on or off).
108 ALAMOS MESON PHYSICS FACILITY Tune-up Beam (give Intensity and houre needed): no special require-
\ maest.

Data Runs (give realistic estimate of hours neaded): a few yaars.

Newtrino Physics Program: Elastic Scattering, Test .

of Multiplicative Law, Measuremaent of Neutrino Scheduling: -
Flux, Inverse pDecay intic d. when wel] v - agal
: ready: 2 years
- ive all informatlon on other commitments of resca td t!

miy affect scheduling: no problems anticipated on this acore,
Major LAMPF Apparatus Required;

Some electronics could be useful, but nothing major. Ia general
. data analyals would be done at UCIL.

F. Relnes, SPOKESMAN

PARTICIPANTS AND INSTITUTIONS
Shlclding and Enclosures Rogqufred: ses attached aketchas

H. Chen Unliversity of Californla, Irvine pe 2 X op K )
M. F. Crouch Case Weatern Roserve University Spectal s.::l::. :‘,'.E::: ::r'h:.'l:“s;rk:n Insering, shop worly ste.):
W. R, Kropp Uaivorsity of Californls, Irvine pow A "
J. Lathrop University of Califorais, Irvine Space Required {attach dnvlnl giving Jayout): th:tronlc- area ~ 20'x30'
F. Reines University of Californla, Irvine located & 100’ from detector ~~ a traller would do. Could even-be
H. Sobel Ualversity of California, Irvise dated within detector area (sse aketch)

*~

Date;_March 30, 1971

SUMMARY.

‘The serles of axperiments here proposed is designed to
utllize the unique characteristics of LAMPF as a neutrino source to
answar several kay questions relating to the weak interaction. Among
these questions are a test of the applicablility of V-A theory to the
alastic scattoring of Vg on'e”; a test of the itiplicative vs additt
law of lepton conservation in ut decay; a measurcment of the Vg flux
and a crude mecasurement of the Vg spectrum.

Two clssses of detectora, a large pot of scintillator and &
more sophisticated slab array of scintillator spark chamber plus
water {DyO) target are consldered In some detall so 2s to lllumizate
our reasoaning in developing the preferred hybrid slab approach. The
essantial featuros of the slab array are total enargy, rate of energy
loss, ity to delayed colncid plus directional determinatioa.
In addition, the use of deuterated target inserts enable a detarmination
of the Vg flux via the woll known inverse beta decay procau VetD4pipte”,

The .xp.rlmtntll dnln ukn lnto ucount buck;rmdl du.
to cosmic rays and the and and

datectors; Typical signal rates sre ~1/day for detectors with a mass of
several tons, These rates make the program here proposed one of 3 - ¢
years duratlan with costs (excluding tha bulk shielded experimentsl ares}
ranging from $650, 000 to $900, 000, -

— T S — e —
Equipment Tino (50% Estinnted Xumdber of Ivents
Experiment (sondwich gtor dut, [} -4 ] c [+]
layers), jozcle) (moniis
Nultiplicati .
'l‘:.t. plicative 12 4 12 (6) o (90) - 13 (22) -
Elastic
Scattering 2 13 100 (30) {0 (720) - 400 (400) -
Koraalixation 32+3 (p,o) 7 70 (38) | 0 (800) {200 (100)| 280 (280) 66 (66)
Re-normalization) 32 +3 (nzo) 7 70 (38) | 0 (800) - 280 (280) 66 (68)
Total 30 230 (128) | 0 (1800)]100 (100) |2000 (1000) {130 (130)

a) 11 sccelerator shifts/week.
») 0.3 mA, 700 KeV proton beam and slab detector at a mean distanae of 10.0 =.
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Davelopment of UCI Proposal ’ ’ .

The rationsale bebind the UCI proposal is best deseribed by a
brief of its develoy t. After a recognitica of the uaiqs
‘characterlstics of LAMPF for an i igation of 1} iat i
features of the wesk interaction via neutrinos:

1) vegte 2V t e .
2.) test of the multiplicative vs additive lepton conservation law
3.) a) intensity of neutrino flux from ut decay

b) shape of neutrino spectrum from u* decay (via vq + D)
4.} mors mundane Interactions

a) v+ o

b) vy +O**
S.} exotic interactions e.g. V oscillations

We started with the simplest experimental arrangement which might bs
capsble of sccomplishing some of these objectives. As the limitations of
the various approaches became apparent we moved on to {ncreasingly
sophisticated ‘systemas, -

The firet approach, simply a large pot of liquid scint ilator
~ 5,000 gallons with an appropriate cosmic ray anticoincidence, conti-
nucs to show promise as a method for observing (2). (4, a) and possibly (1.)
Characteristic of the pot approach is excellent energy resolution I~ 2%),
and the {tivity to delayed colacid and pulse shapa, These fcatures
enable as little as & few percent admixture of multiplicative Jaw to be seen
viaVq + p + n + ot, In addition, Ve + C*? (on Vg + C¥) could be distinguished
in the majority of cases via delayed coincidences lavolving ground state
transitions of the product nuclal, N}® (or B!}, On the other hand, a very
large admixture (50%) of ;. such as would result from a "maximal" multi-
plicative law would provide a most difficult, If not Insoluble, background
for the important vq + ¢~ signal,

The key problems to be faced in the pot approach relates to
non neutrino associated backgrounds 1. o. cosmic rays and machine. A
realistic view shows that ~7 meters of irongshielding should eltminate
background sociated with machine neutrons. This conclusion is based
oa the energy discrimination available snd tho use of pulse shape to separate
electrons from recoll protons. The latter factor la not known with any
precision, although it might be ae high ss flve, Coamlic rays prosent
s real problem, requiring an inert shield of some 2.8 x 10® gm/em®
above the detector to remove nucleons as well as to atteauate the
incident muons. Details of this possible approach are found in the Appen-
dix,

In view of these questions, we were led to inquirc as to the
characteristics of the various reactions which were not utilized In the
pot expariment: quite clcarly the diroctionality and apecific {onlzation
played no role. Accordingly, a more sophisticated design incorporating
the features of the pot plus a seasitivity to direction and specific energy
loss was developed. As described in more dctail below, it conslete of
a scintillating slab sandwich latersperscd with very thin wall spark
chambers. Since the spark chambers comprise a small fractlon of the
mass, the scintillators operate much like the pot except for a loss in
energy resolutlon because of the less favorable geometry for the trans-
misslon of scintillation light to the photomultipliers. The dead time
occasioned by the pulsing of the spark chambers does not seem too
restsictive. In addition to these foatures, the segmeated scintlllator
enables the specific energy loss to be inferred, a uscful discriminator
against recoil protons, for example. The excellent directional sensi-
tivity of the interleaved spark chambers and track end information is
most helpful in separating the sharply peaked recoll vg + ¢~ electron
from backgrounds arlsing from cosmic rays and inverse bota decay. An
additional feature of the slab sandwich is the attractive possibillty of
incorporating soveral thin, heavy water targete in the array so as to
provide a normalization of the Ve beam, In addition to reducing uncer-
tainties in the beam intensity and spectrum such a direct measurement
of the Vg spectrum is of considcrable intorest In its own right. The
appcarance of visiblo tracks {s a not unattractive feature. *

Because of the excellent prospects for a successful global
slab sandwich series of experiments as opposed to thec more llmited
(and somewhat lces costly) pot technique, it {s proposed that advantage
be taken of the modular approach which is natural to the slab sandwich
80 as to optlmize the eventual configuration. So, for example, a quarter
size slab array could be used ae a pliot to deterime backgrounds and,
incldentally, achieve such goals as to test multiplicative vs addith .
lepton conservation in u* decay, The desiga which is given balow reflects an
extramely conservative attitude, espocially with respect to shielding
‘against neutrons {rom both the machine and from cosmic rays, e.g. fewer
than 100 neutrons traverse the detector per day from both sources.

Research Team

1.) The University of Californls, Irvine-Case Western Rescrve
group is currently engaged in an extenslve investigation of M;h,en.;:y
neutrino interactions two miles underground, ueing cosmlc rays. : .
detector ls & composite scintillatlon, {lash tube hodoscope lrr;y cone lh
ing of 200 m® of slab scintillation detcctors and $0,000 flash tubes, ;:c ror
tube 2 metors in length. This sytem, probably the most ealaborate dotecto
of its kind, is ylelding results,

L) We are, in addition, in the process of constructing a large

ic ray muon dotector at UCI for the purposo of studyling the spectrum
and Interaction of muons In the TeV range, In this connection, wa have
designed and are constructing novel wire spark chambers with magneto-
strictive readout, esch chambor containing 4 wire planes snd having an
area of 10 m®,

3.) The group has been contlnously engaged for a decade In
iavestigations of low enorgy neutrino intoractions using reactors, Cur-
Tently we are attempting to detect the elastic scattering resction Vate™™
Vg * 07, and aro within a factor of 2 or 80 of the necessary sensitivity,

Rosoarch Team - Partlcipation

The schedule is such that we wo uld be able to make the LAMPF
Vexperimental program one of our major activitles, substitutiag in large
moaoure for the deap undorground cosmic ray noutrino project which s
nearing successful completion,

It is anticipated thst a totsl of 4 physicists plus technicians
would spend & major part of their time on the LAMPYF activity either at
the homne institutions in preparation or data analysis or {a residence at
LAMPF. Thosa llsted would bs augmentsd by one or two others 3 ntly
in the group or under active considerstion as possibly joining ue ia this
activity,

SPECIAL APPARATUS TO BE FABRICATED BY LAMPF
{give full description laclud! ketches and coet estl iH

A skatch of the shleld configuration and caperimental room
suitable for this program le appended. It is hoped that this would be
provided as part of the LAMPF facility and that appropriate detailed
design and cost estimates and actual funding wasld be provided by
LAMPF. It is anticipated that all othor experimantal equipment would
be provided by the experimental group. .

IDENTIFICATION OF HAZARDS ASSOCIATED WITH THE EXPERIMENTAL
APPARATUS AND PRECAUTIONS TO BE TAKEN: .

Nons. Tbe system has standsard high voltages and M.h
flash point liquld sciatillator,

THE SLAB NETHOD
(B, H. CHEX AND J. 7. umr)

1. Iatroduction .

The elastic scattering of electron neutrinos by electrons
- ) Vg t e =y +o 1)

and the corresponding reaction with electron anti-neutrinos have
not yet been observed. 2,3,4) This reaction is an example of a
*‘diagonal’' interaction which has been the subject of much recent
interest. The crosa section for (1) can be prodic.tad on the basis
of Universal V -A theory. ) However, it was pointed out by
Gell-}ann et ll.(e) that the divergence difficulties of higher

order weak intaraction for 'diagonal' interactions are of a more

- singular nature. The result is that reaction (1) cross sections

could differ significently from V-A.‘”

-+ The advantages of using LAMPF as a source of slectron neu-
trinos have been discussed. 8) We list and consider briefly
some of the isportant points..

1) The flux of electron neutrinos at 10 meters from the beam
dump has been eatimated. For a 0.3 mA, 700 - NeV, proton beam,
it 4s about
l .

13 2

1.7x10 en” day”

2) Electron nsutrinos are producod as follows. nt's pro-
duced in nuclear interactions stop and decsy within & volume with

licesr dimension 2'. These produce u"- which stop and decay. )
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‘n"'s are absorbed. Thus
1) Vg's are producod with essentially no ,;.'l.
L) Vg Spsctrus is known. Its energy is ia the range
0<X, <03 LoV, with mean energy of 33 Nev.

114) ‘s from w-and y decay at rest are belov thresh-

i
old for any known resction.

iv) the inverss beta reastion on bound uutéou,
ve+m = e +p (2)

are suppressod b.y the Pauli Exclusion Principle at
these energies. The selection of targets with a
large Q value can further suppress roaction (2).

v) the incident neutrino direction is known to % 2'..

vi) the elecatron angular distridution from reaction (2)
is (roughly) isotropic; that from reaction (1) is
sharply peaked in the forward direction.

s. Iiﬁ about a 20 MeV threshold for detection of recoil
electrans, it follows that:
1) one i3 far above backgrounds from natural radio-~
sotivity. .

11) the electrons are minimusm ionizing, and can be essily
distinguished from other charged particles with the
same range.

444) electrons from reaction (1) are constrained to be
within 10° of the forward direction. ¥ith multiple
soattering, these electrons are still constrained
within & forward cone of nbout'ﬂ' (in the proposod

detector).,

We dascribe noxt a detector for reaction (1). The rate of eévents
in this detector for reaction (1) from ¥V -A 1is expected to be one
hal? event per day. The background !ro-' reaction (2) has beem
estimated and found to be smaller than the signal.

1I. The Plastic Scintillator - Spark Chamber Detector )

' The proposed detector would be & sandwich consisting of thiok
plastic scintillators and sarrow gap thin f0il spark ctgnbor
modules. It would have dimensions 10’ (length) x 8' (width) x= 4'
(beight) mnd would contain 3.75 metric tons of plastic sointil-
lator. Each layer in the sandwich would contain 3.9 n/c-’ of
plastic scintillator and less than 0.2 'I/Gl’ of foil spark
chanber.

The target electrons are in the plastic sointillator. This

There are 32 sandwich layers altogether.

material was chosen because
1) the threshold for reaction (2) on bound neutrons is
large, i.e. Q value is 18 KeV.
2) the radiation length is large, so that multiple scat-
‘ tering for eloctrons is minimized.
3) the energy of the electron can be measured via pulse
beight to botter than # 12% once the location of the
event in the counter is known. .
4) dX/dx in one layer can be measured in order to isolate
electrons from other charged particles.
8) The delayed coincidonce method can be used to identify
inverse beta reactions on c“.
Zach 4' x 8' sointillation plane would conl}lt of four 2'x4°'x1,8"

counters with long side horirontal, and installed from either side.
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The thin foil spark chamber modules are used to get spaoial
and angular informatioa.
chamber module.

Thers are four gaps im each spark

Zach gap is of "canonical" width, 1i.e. 1 cm.
The four gaps insure that angular informatiom can be recorded to
better than 5° in one spark chasber module. Zach module is
4'x8' x2" also standing with the long side horizontal.

The trigger for an event ;:ccur- vhen threoe or more successive
scintillation counter planes are in coingidence. Qo) An eveat
is defined by eight or more contiguous sparks. VWith spacial ia-
formation provided by the spark chamber module one cam datermine

1) dE/dx using the middle counter to identify the electrom,

11) the energy of the electron from total pulse height (to

& 12% or better). .
¥With angular inforsation provided by the spark chamber module,
one oan isolato reaation (1) from resction (2). Taking 20 MeY as
thr.lhold(n). all events from ro'noﬁon (1), because of kinematics,
will be found within & 10° cone. With multiple scattering, the
detected events from ré-cuon (1).v111 be constrained
within & 15° cone. ’

The ‘efficiency of the detoctor, for remction (1), integrated
over the incident Ve 'lpootru- is s function of the threshold for
detection of the recoil electron. We liat the efficiency vs.
threstold in Table I. ) .

TARLE
Threshold (iteV) Rfticiency (%)
0.0 (1]
8.0 53
320.0 39
2.0 7
30.0 L. 17 .
38.0 1 4

Balancing off the increased efficiency at lower thresholds is
the larger angle of recoil from the forwvard direation and the
larger multiple scattering angle. The exteat to which ;hn
threshold can be lowered depends on the signal to background ratte,
The signal and blcklround. rates are estimated next.
IIl. Estimated Rate for Reagtion (1)

¥e take the threshold for detection of resction (1) to be

20 XNev.

The detection efficiency of the apparatus will thes be
40%. The average energy of the neutrino in the detected resctios
is 38 MeV, thus the mean oross section for resction (1) from V-A

1s 6.2x10743 om”, The event rate is

R = (vy flux ten2 dny'll) x (number of electrons/ga [l-‘J)

x (gms of target fn]) x

x (cross secotion [e-’]) x (detecticn efficiency)
~ (1.7x10')x (}x6x10") x (3.75 x10%)
x (6.3x1074%) x (0.40)

= 0.5 esventa/day,

Each event will have 8-33 contiguous sparks directed withim a
18° cone of the neutrino source. The charged particles will be
identified as an electron and its energy will de known to better
than &% 13%, . )
IV. [Estimated Rate for Resgtion 2)

Rssentally a1l the neutrons vhiok are availadle ia the de-
tector iu order for reaction (2) to proceed are found ia C13 The



reaction im
vest e emite

wvherse "N"" designates all possible final states of the inverse
beta resation on c". * -

Cross sections for reaction (3) are significantly suppressed
as compared to 68 oa vhich 18 expacted if tho_ neutrons in c“ are
free. The suppression occurs for two reasons; i) the Q value for
reaction (3) im large, 1.e. Q=18 MeV, and 1{) the Pauli Fxolu~
sion Principle restricts the final states which are availabdle to~
the proton. A crude estimate of ii) can be made using the Fermi
gas model for the nucleus. One geta the well known reduotion

et -3 ) -+ ()

-1 for |q| 2 2p,

for |q| <2p,

where [alz - qz (1 oﬂ:j-) . ny is the proton mass, q’- (vg -o)’
is the squared 4-momentum transfer and p,-o.zu -p is the Fermi
momentum. Cross sections are given in Fig. 1 for reaction (2) on
1) {ree neutrons, {i{) neutrons with Q value of 18 MeV and
144) neutrons with Q value 0f 18 MeV and the reduction factor due
to Pauli Xxclusion principle. For xv-io XeV, one sees that the
cross section is reduced dy & factor of about 33,

Since this cross section is roughly isotropic, one has to
include only the fraction of the cross section in the 15° cone.
A factor of two has to be included because the electron recoil in
tho backward cone would be confused with the forward cone. The

sffective background cross section is

c;" - x (!15_) x (1.3x107%%) x %’9_‘ ca?/neutron

~1.3x1078 cn?/neutron

where the last factor is the fraction of solid angle in the 18°

cone. The effective croas sectioa for reaction (1) 1is

o™ ~ (6.2210% x () ca?/electron

~ 3.1 x 10743 cl’/oloctron

where the last factor is the fraction of electrons with energy
greater than 20 MeV in the lab for a 40 KoV incident neutrino,
Thus one sces that the signal to background in the 15° cone is
larger than 1. In ordor to determine the background in the 15°
cono experimontally, oce has to look at events outside the 15°
cone.
¥e have also calculated the recoil electron spectrum for

reactions (1) and (2) integrated over the incident Ve spactrus.
The differential cross section for reaction (1) is known; that

for reaction (2), we take as follows
dag = 06(T, +Q-F, )dT,

1.0,, that the electron carries all the available energy. The
results are given in Pig. 2. Comparing curves 1 and 2, we see
that {t may be possible to lower the detection threshold since
this background decreases rapidly with smaller electron klno'uc

energy. V¥ith a 18.0 MeV threshold tho estimated rate for reao-
tioa (1) will be incressed from 0.3/day to about 0.63/day because
the efficiency of the detector for reaction (1) has bun' increased.
J. Anomalous Reactions

(1) Nultiplicative Lepton Conservation Law

If lspton number conservation is multiplicative, the
(12)

positive muon oan decay vis either

+ + -
B o~e OV.OV“

or

The electron anti-neutrino will be easily detected via the reac-
tion

;. +p - ot n,

with protons im the plasstic scintilletor. From curve 4 of Fig. 2,
(as an spproximation) and taking the ratio of free protons to
electrons, we mes that & one percent contamination of ;.'s in the
noutrino flux can be easily detected using recoil electrons with
energy greater than 35 NeV, and angular distribution information.

(2) Muon Neutrino Interactions

Muon neutrinos come from mw and j decay at rest, From
T docay at reat the muon neutrino gets 30 MeV. 'Thus if the auon
neutrino has an anomalous interaction one would oxpect to smee
either a poak in the recoil electron spectrum at 30 MeV or a sharp
cutoff in the eleotron spoctrum at 30 MeV. Both can be clearly
detected with the present apparatus. )

VI, Detnils of the Detactor

1) Shielding
A schematic of the experimental site is given .tn Fig. 3

The detector is placed 90° from the proton beanm line and located

= as close as possible to the beam stop. To shield the beam stop,

ssven meters of iron is located in front of the detector. The

last three meters of iron should be movable so that mschine back-

ground can be studied. The datector itself is surrounded by an active

anti-coincidence shield which removes the penatrnhng component
of cosmic rays. This system is then surrounded by several meters
of concr.ota which shields against thermal neutrons, and the
soft component of cosaic rays.

(a) Iron Shiold

High energy noutrons (with K.E. >n° threshold,

280 UeV) are produced in the beam stop by the incident proton beam
and can cause & serious background in the detector. At 90° from
the beam 1line the production of ~ 10'3 neutrons/sr/protonua)
occurs. ' The "removal” length for energetic neutrons is

~ 170 n/c-z. (14) I? we require no more than 50 neutrons/day in-
cident upon the detector which subtends 3 x 10~2 81, then 7.0 m of

iron would be needed (for 0.3 mA primary proton beam).

Low lovel background radiation from slow neutrons
can be fmportant in producing accidental coincidences in the
detector. Becauso tho trigger occurs when a threefold coincidence
exists, such accidental coiucidence rates are low with the shielding
provided by 7.0 m of iron. Nevertheleas, 1.0 a of concrete
shielding is included becauso the &nti-—coincidence shield, to be
discussed later, many require it in order to decrease this low
energy backgrouund.
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(b) Concreto Shield

The detector is surrounded by several meters of heavy
conorete (~ !..leoa ln/o-’) and is undu: a ceiling of 1.0 m of
iron. This shield absorbs the soft component of cosmic rays, im
.pn-elculn- neutrons. Without this shield, the numder of energetic
cosnic ray neutrons (X,E, > 280 MoV) traversing the slab detsotor
1s approximately 700 aec™} (6x 107 any™2).(38) yien 3.0 m of
heavy conorste and 1.0 m of iron, this number is reduced by &
factor 105. The machine duty cycle further reducas this number
‘by a faator of 18. This results in adout 40 neutrons/day in the

detector, a nuader that is comfortably small.

(e) Anti-coincidence Shield

The anti-coincidence house will have dimensions
approxisntely 18' (length) x 15' (width) x 10" (height), and it
is shown in Fig. 3. To act as & shield, it must have high effi-
cicncy while deing relatively insensitive to low energy background,
We think that liquid scintillator in acrylic sladb tanks, similar
to thos; usod by the UCI group ia the underground cosmic ray
neutrino experiment, will meet these requirements.

With 3.0 m of heavy concrote (~ 1200 gw/cw?) gur-
rounding the detector, the cosmic ray muon intensity becomes
slightly less (x0.5) than the standard sea level intensity. The

susber of muons traversiog the detector is estimated to be 600 l.c-l

{or 5 x 101 dly-l).us) The nusber of stopping muons {n the detector
is estimated to be 20 sea™) (or 1.6 x10°% day™t). we propose not
to distinguish botveen the traversing and stopping muons in that
the anti-coincidence siield will genorato a 25 usec gate for
every anti-coincidence signsl. With an anti-coincidence effi-
clcnc':y of one part in 10‘ snd the machine duty cycle of 0%, t.ho
detector triggoer rate ™y acceptably low, Because thf detector
trigger is dofined by a triple coincidence in the upper or lower
group of counters and bocause cosmic rays are mostly vertical,
there is some additional sutomatic rejectfon of the cosmic ray
signal. With spacial and angulsr information provided by the
SpRrk ch!-borl, 2 disarimination factor of at lesst 30 is also
to be includod. Thus cosmic rays will be sdequately shielded.
¥e note that tho numbar of muons traversing the anti-goincidence
skield is approximately 2 xlo3 l.e-l. With a 25 ysec gate, the
anti-coincidenca deadtime is 3%,

(2) Beintillator Plaves

Each scintillation plane is made up of 4 Pieces 02 plastic

sointillator with dimonsions 2' x4'x 1§", and esch piece viewed
from the short end with six 2" photomultiplier tubes. The sche-
matic s given in rig. 4. Ao estimata of cost is given in Table IIX.
Tho scintillator resolution im estimated in Fig. 5. We see that
the uncertainty in pulse beight for the passage of a minimum
lonixing particle through one sladb is bettor than & 20%. This
is a sufficiently accurate dE/dx measurement to discriminate be-
tveen electrons and other charged particles. The uncertainty in
enorgy for a 20 MeV slectron which is stopped is dotermined to
be better than % 12%. With NE110 or with a larger number of
phototubes, the resolution can be siguificantly improved. We
emphasize that the location of the event in the sointillator slad
.u knawn from analysis of the spark chamber data, and is used to
counteract light attenuation in the slad, 1.e. to get absolute
norualization. .
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(3) Thin Poil Spark Chamber Nodules
The thin foil spark chamber modules have sensitive aress

of the same dimension as the scintillation planea. bcl' module
will have five aluminum foils separated by 1 cm esch. Righ vol-
tage is connected to two r.ou- to generate four active spsrk gaps.
The total of !w? sparks provides for sufficient angular resolu-

tion in one module,
(4) FPhotography
The spark chambers are viewad by small angle stereo. Be-
cause the entire detector must bde placed within an anti-coincidence

shield against cosmic rays, it i{s necessary to minimize the volume

within this shield. Possible approsches are shown in Pig. 6,

An alternate npprb-ch is to use either magnetostrictive,
acoustical or wire spark chambers. These would decrssse the cost
of the anti-coincidence shield, but the coat of spark chambers
and peripheral equipment would increase along with the added
complications of the spark chambers.

" (8) Electronics and Logic

The scintillation counters provide 128 channels of in-
formatiun. TFor each channel there would have to be a linear
amplifier, a high level and a low level discriminator, soalogy
pulse height storage, and quick access storage. The standard
slectronics and logic is also required for triggering.

VII. pDetermination of Incident Neutrino Flux
Because the proposed method tor studying reaction (1) is
relatively clean and beoause it can provide over 100 events froa
reaction (1) in o‘nc year of data taking (sssuming Universal ¥-A),
the ipncident neutrino flux must be known accurately so tbat the
absolute aross section for reaction (1) can be determinod.
(1) A possible &pproach to take is as follows. Build two addi-~
tlooal layers of the sandwich detector where instead of plastio
scintillator slabds, ane {nserts “tanks™ with dimensions

24" x 48" x 34", filled with deuterated 1iquid scintillator. The

container "tanks" are made from 1" plastic. Thess "tanks” hold

approximately one half metric ton of cmn.nm. The thickness of

these "tanks" s not a handicap because
ia

the reaction looked for

Veg+*D= e +p+p )

wvhich s rou'hl'.y isotropic. Thus multiple scattering is not a

Probles. These "tanke" must be inserted within the detector in

order to detect backward events.
Yo estimate the event rate for reaction (4). The mean neu- .
trino enorgy is ~ 40 MeV so that the invorse beta cross section

on free neutrons is ~ 1.8 x 10740 c-’. The cross section for

renction (4) 1w ~ } smaller, i7) Thus
R = (L7x10'%) & (1179.- x 6x xo”) x (0.5 x20%)

x G-x 1.3:10'“) x (0.3)
« 0.4 events/day

The last faotor s the deteator efticiency,
assusing spark chamber

than .db'. The overall rate is therefore comparable with that
1rom reaction (1)

This arises from
officiency to be zero for tracks greater

oven though the system h.-uoh smaller.

(2) A second much less Gostly approach has also bean com-

sidered. Oue builds thess layers as defore, but the "tanks" are



f1lled with nzo. yith nzo. one loses some energy resolution sinve
the energy deposited in D0 is unknowa, dbut the cost of nzo is
relatively small (see Table II). The three layers are ‘ovonly
distributed within the sandwich so that events initisted in remc-
tion (4) 1in one "tank" dous not penetrate into the other "tanks”.
The estimated event rate with the above configuration is ~ 0.9
events/day. The increase is due to the additional layer and due
to a larger number of deuterium per molecule.

It is clear that with the above approaches it is possible to
determine the incident neutrino flux to better than i 108 statis-
tical accuracy. Using this expsrimentally determined flux, it
is possible to determine r.nauon (1) ocross seotion to % 13%
(assuning Universal V-A),

VIII. A Proposed Program )

Because it is desireble to lt;clt. the detactor system as
close as possidle to the beam stop and becauso of the uncertain-
ties with regard to tho effects of neutron induced background, it
is not clear what the optimum distance to the beam stop will de.
In addition, the intensity of tho Ve flux from u’ docay is not
koown to high accuracy (~ 10%). Such information is neceasary
for an accuratoe absolute normalization of the elastic scattering
cross section if the reaction is obaerved.

A program which will provide answers to the above prodbleas is
proposed., The sequence is listed in column 1 of Table III. The
required equipment and estimated run times are given in columns
2 and 3. The accelerator duty cyole refers to an average of 1l

shifts/week accolerator on time. Estimated event rates for the
differcnt roactions are also given. The number in brackets

assumes 50% V,'s fron u' decay as would result from a "maxima1l®
multiplicative lav. Theso estimates are based on & 0.3 I.A,
700 ileV proton beam current with the slad detector located at a
mean distance of 1b.o = from the deam dump. The expected number
of ovents on Deuteriun is somewhat higher than given, an Thus
the estimsted run time is 2} years. ) .
With the proposod program, it appears possible to test the
nultiplicative lepton conservation law in four months, A \-;.
Adwixture 0f ~ 10% can be easily distinguiehed {n this time. If

the experiment progresses for 30 months, & ~ 1% admixture will de
seen with the proposed apparatus. As to the ultimate goal of

this experiment, i.e. the elastic scattering reaction, if the
intersction is purely V-A, then it appears poasible to determine

this cross ssction to ~ + 155 in the proposed 30 months.

TABLE tf
COST ESTIMATES (APPROXINATE)

1. Z81ab” Detector

(1) Plastic Scintillator (NE102 or NE110)
Sive: 24" x48"x 13" x4x33
. Total Mass: 3.75 metric tona $60 X,
(2) 2" Phototubes (RCA-4318)
Total Number: 32x 24 ~768
Unit Cost: $73 $56 X.

(3) Lucite Lightpipea

Size: 24" x6"x1§" x4x232
Total Masu: 0.47 metric tons $2x,
(4) 7PYour gap thin foil spark chamber modules
§ize: ~ 48" x98"x 2" x32 480 K.
(s) 1) Electronics (Logio) $60 K,
$i) Photographic apparatus $ B X.
141) Data reduction 8}0 K. $118 x.

II. Anti-coincidenco Shield

(1) 5" Phototubes® $20 X.

(2)  Anti-coincidence tanks
(raw material, construction and
scintillator®) $48 X.

IIL. vy Flux Dotector*

Dzo (heavy water) @ $28/1b.
Total Maas: ~ 0.75 metric tons $45 K.

IV. Contingency 340 X.
Equipment Total ~ $440 K.

"nnno phototubes and some quantity of 1liquid scintillator are
4n dand from previous sxperimenta.

4'(:mil.l)m (deuternted 1iquid scintillator) with a total mass
of ~ 0.50 metric tona would cost ~ $300 XJ.

.
¥. Uanpower (total duration of experimeat fncl:
running and unnlyu:l), neluding preparation,
(1) 4 physicists @ 20 X/man yr. (4 yrs.)
(2) 3 technicians-engineers @ 15 K/man yr.)
. (4 yrs.) $120 K.

$320 x.

¢ (3) One scanner @ 10 X/man yr, (2 yre.) $ 20 x.
. Manpower Total $460 K.
Grsnd Total $900 x,

*This includes overhead expenses.
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TABLE 11X

Xquipment ;:::‘::;‘dﬁ Xstimated Number of Events’)
Experisent (sandwich lccolor,tor dut: [} : 4 o] c [+]
dayera)joycle) _(sontha
Multiplicative
Test 12 4 13 (8) jo (90) - 22 (22) -
Elastic
Scattering 32 12 100 (50) | 0 (720) - 400 (400) -
Normalization 32+3 (Dzo) 7 70 (33) | 0 (800) [100 (100) | 280 (280) | &8 (86)
Re-pormalization| 32 +3 (nzo) 7 70 (33) {0 (B800) - 280 (280) &8 (66)
Total 30 230 (125) | 0 (1800)|200 (100) {1000 (10Q0) {130 (130)

a) 11 aocelerator shifte/week.

D) 0.3 mA, 700 MeV proton beam and slab detector at & mean distance of 10.0 =,

APPENDIX

The "Pot"* Method*
(W. R. Kropp and H, W. Sobel)

The essentlal feature of the experiment {s s larges {5,000
gul.) hydrocarboa scintillator well shielded from the accelorator and
rovidad with an officient ic ray {coincid blanket, and an
overburden of 2.8 x 10° gm em™. Before discussing the exparimaental
arrangement further, let us consider the reactions which can be produced
in the scintillator by LAMPF neutrinas. Assuming that caly Ve's are
nt in the decay spectrum (additive lepton conservation law) only

pre
twe resctions are possible:

Veta sV, te )
and

v+ G o Nty e @)

In the case of the multiplicative Jaw, V,'s are producsd in aqual numbaers
with \ and thess additional interactions are possiblo:

. Tate +Tgta” (3
Ve +p»otat {4
T, + G 4 By ot (s)

Background from reactlons (2) and (5) leading to the ground
statos of N'? and B'® does not appear to be a serious problem because of
the avatlabillty of a dlstinctive delayed colncldence between the inverse
beta decay and the beta decay of the resultant nuclei:

NP C? ret sy, [0
(17,6 MeV end polint, T4 = 11 me)
and
BT A ct +a T, (L)
{13.4 MeV end polnt, AR 19 ms)

However, possible particle break up of excited N'? and B'® may seriously
1mit the energy below which guch & background would mask alectrons from
the alastic scattering process.

By ralsing the energy threshold for detaction to ISMeV (the
maxlmum enorgy available to the electron in reactlion (2)), this dUffl.
culty s surmounted (Fig. 8}, Thus until further theoratical and axperi-
mental evidence 1s avallable, we consarvatively choose this thrashold and

conslidar only rcactlons (1), {3) and {4).

The presence of Vg in the beamn will be Qulckly revesled

bx the occurrence of reaction (4). This reaction is recogaized by the
o' spectrum and charactaeristic delayed colneld betw o pro-
ductioa and a captura, ’

.
Naeutrino Fluxes:

The expected flux of alectron neutrinos from LAMPF {s

~ 3 %107 em"® sec” at 8,0 matars {rom the hu‘n lh)‘p... These arise
{from the decay of ' producod by the reactlon 7" # U +v,. As noted,

the admixture of Vg and Vg is determined by the aature of the leptoa
consarvation law. Tha Vg spectrum from U dacay 1™ a(Eve) » 2

G E\* (53 - Ev) while the Ve spectrum would be & (E7,) = a W.' (53 -?ﬂ.).
Bee Fig. 9.
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Ixpected Signal Rates:

Folding togethar tho spectra from y decay and the recoll
spectra from V-A theory, we abtain the cross i for the productt
of recoll electrons x Eo for reactions (1) and (4). These are glvea ia

Table V.
olxK,) 9 {x Ee)
Ee Ve te” Ve tp
(MeV) {107*® ¢m® /electroa) 1107 em"/proton)
25 1.45 9.03
30 0. 904 8. 45
35 0. 482 7. 46
40 0.203 5.92
45 0,051 372
50 0.005 0.80
Table V

-suctions for Ve + ¢~ are approximately 1/8 those for Vg t e
at energies characteristic of u decsy. Using thess cross-sections, the
rates per day in 5,000 gal located Il m from the beam stop are givea ia
'fl‘bl. VI for various snergy thresholds. The 11 maeter beam stop te

dist is d! d by the required neutroa shisldlag (see below).
Rate (day~?) ia 5,000 gallons at 11 Metara
E, Ta +0”
{MeVY) Vg + e~ {approximate) Satp
25 .13 0.07 1
30 0,70 0.04 T
33 0.37. 0.02 [3
- 40 0.16 0.01 53
45 0.0¢ 0.002 34
50 0,004 0.0002 7
Tabte VI

(Allowance bas baea mads for the equal admixture of Vg and Ve fa caleus
tating the Vg + ¢~ and Vg + p rates. The Vg + 2" rate I» calculated sesum-~
lag alt nautrinos are vg.}

From Tsbla VI wa soe that an admixture of ~ 3% Vg In the beam
will produce equal rates for reactions (1} and (4). Assuming s 90% neutron
detection officiency, a 21% contamlnation of Vg {0 the beam gives a signal
to background of 1 for reactlon {1). A S0% contamination {expacted from the
multiplicative Jaw) would complotely mask the elastic scattering signal.

Description of the Proposed Detector:

Fig. 10 gives a schematic of the proposed detector. The central
portion of the detector consists of 5,000 gal, of CH; p basod scintillator ln
the form of a cylinder 2. 88 m in diameter and 2.88 m high. This volume is
vinwed by ~ 400 5-inch photomultiplier tubes, through a 0. 13 m thickness of
non-sclintillating, optically matching flutd,

The sclintillator I8 chosen because it provides both electromn and
proton targets. In addition, the carbon target and optical matching fluld
of the lnner contalner has about as high a threshold for inverse beta decay as
can be found.




The lnert fluid serves a dual purpose, It minimises the

P of ph Itiplier slgnal on event Jocation and its ~ 20 MeV
thickness for electrons discriminates against inverse bota decay events
which take place outside the detector.

a a

The 38 MeV cutoff for v ¢ C** reactions (reaction (2)) places
stringent requlr on detactor resclutl Itis ry that the
energy resolution of the detector be good gh to discrl b

& > 35 MoV pulse from v, ¢+ e~ and & < 35 MeV pulse from the products
of Ny + C3*. A resolution of 2% or 0.70 MeV should suffice for this pur~
pose (Fig. 8), * .

Can such excelleat energy resolution be achieved? In view
of the many factors Involved in determining the energy resolution of
such scintillation detcctors, we are fortunats to be able to scale per-
formanco from cxpcrhnco." A 580 gallon cylindrical datector 150 cm
diameter and 120 cm high was painted with & white reflecting coat filled
with mineral oll based scintillator (CH, )} and viewed by 100, S-inch p.m.
tubes, Its onergy rosolution for s centrally locsted gamma ray source
(ThC®? 2. 8 MaV total enorgy) was 15% full width at half maximum. If
variation of rosolution with energy is governed by photon statistics, one
would expect & resolution at 35 MeV of 4. 2% full width at half maximum
or  2%. Scaling tho test detector to 5,000 gallons and allowing for the
uso of improved tubes with photocathode cfficiancy of ~25% (as compared
with the test detectors tubes whose efficlency was ~ 15%) Indicates ~ 330
tubes are required for 2% resolution,

Granting that the roquired energy resolution is achlevable, it
1a stlll necessary to cstimate the {raction of recoll slectrons whose cnergy
1s totally absorbed, i, e. the deteciion efficiency for electrons with energy
> 35 McV. The point hore is two fold: the electron track may not be
ssntirely contained in the detcctor (edge effccts) and some of the electron
energy Joss s in the form of bremsstrahlung.

Because of the great size of tho detector under dlscussion
(3 meters in di r} these bined affects®’ are € 25%.

Neutron Background: o
a.) r® Production

Accelerator neutrons of energy * 280 McV can make g in
our sensitive volume, Since the interaction length for ° production is
about 170 gm/cm®, our tank ts about 2 intoraction lengths thick, Wae
sssume that all the noutrons In this range make 7's, The P's decay into
2 gamma rays each with ensrgy 2 70 MeV. At theve energies the absorbtion
fength is about 50 gm/cm”. On tho average, we have therefore three
absorbtion lengths for the gammas to traverse. This means that only s
small fraction of the events will occur where both gammas escape without
alther depositing enough enargy to exceed our discriminator of 53 MeV,

We, howaver, dosign our neutron shield to attenuate these
neutrons to & level s the expocted elastic scattoring rate independent of
the above considerations. .

13
There are 6 x 10 '-:ce—:'r:—:'- with energics 2 280 )f“v at

an angle of ~90° to the incident pmtén beam.™ The removal mean free .
path in iron is 21.6 cm or cquivalently tho interaction longth is 170 gm/em’
The center of our dctector is 11 meters from the center of the beam stop
and therefore subtends 8.2 x 10-? sr, From these considerations, we see
that there are 4.2 x 10® ncutrons day~! with an energy > 280 Mey incident
upon tho tank. In order to reduco this rate to below the 0.4 day~! elastic
scattaring signal, 8.5 metars of iron ars required. Since the facility to
remove.a portion of this shield is desirable If the background s as low as
expected, a modular shield is nocessary. A shleld consisting of 7.1 meters
of iron and 1 meter of lead would satlefy the above requirements. Fig. 11
gives a tentative sketch of the required shield.

b.) Knock-on Protons
Accelerator neutrons can impart ensrgy to protons in the

detector by means of an elastlc collision. Since the relative response of
the scintillator for protons is ~1/2 that for electrons, s neutron of energy

Caosmic Rays and Thoir Interactinns in the Detoctor
8.) Cosmic Ray Muon Background ' .

. Using a cos® § angular distribution for cosmic rays, our
cylindrical detector has an offective area of 20.5 m® sr. A fit to the
differential muon spectrum as measured at mountaln altitudes’® {3, 200m})
for energlos greater than .. 1.5 GaV is

1w .0562 E™™7 cm® sec-! ar-? Gav?

I, for éxample, we had 10° gm/cm® of matcrial above our detector, the
resultant flux of muons would be

r-.g;us
L]

whero Eo Is the minimum energy muon which can penctrate 10° gm/cm®,
in this case 1.8 GoV.

Ful,42x 10" cm*® sec™? ar-?

The rate of muons through our detector in this case would be (20.5 m® [13)
(1.42 x 10" m™ soc™ #r™3) = 2.91 x 10® sec™. Since the LAMPF duty
cycle ls 1/16 this Is reduced to 1.82 x 10® sec™’, Our detector ia abaut
500 MeV thick wo the sbove rate would be spread out in a spectrum going
from zero to about 500 MoV, We are, however, only concerned with that
fraction of the muons which deposit between 35 and 53 MeV, We con-
servatively estimate this fraction to be about 18/500 by assuming cquel
probabllity from zero to 500 MeV. The rate in this encrgy range is thus
(18/500) (1.82 x 10% = 6.6 x 10° sec™ = 5.7 x 10° day~). 1n Table VI,
the rate is evaluated for various thickncsses of absorber above the
detector.

Thickness {gm/cm®) (EGOQV) Flem™? sec-? o) | Rate (day")
1.0 x 107 1.8 1.42x 107 5.7 x 10°
1.5 x 103 3 6,38 x10°° 2.5x 10"
2,0 x 10% . 4 4.06 x 10 * 1.6 x 10°
2.5 x 108 B 2,86x 107 1.1 x 10°

Table VX

Somae old data (February, 1965) taken in the basoment of the Physics bulld-
ing at LASL with a 3 m® liquid scintillation slab (one of the original
Aeutrino det s used at S h River) allows us to chock the above
estimates. Tho rate scen in this detector In the 20-40 McV range was

1.3 x 10% day ™, 1f wo multiply this aumber by the duty cycle factor and
normalize to our lerger area we get a rate of 2.3 x 10* day“}, ‘This
fumber compares favorably with the above.

Since the clastic scattering rate 1s 0.37 day-?, an overburden
of 2 x 10* gm/cm® snd an anti-coincidence factor of 10° would produce
s background conservatively estimated to be 0,5 of the signal. Cosmic
say anti-coincidence factors of 10° have beon achleved,”

b.} Rate in Antl-Colncidence Detector

The effective area of tho anti-coincidence shield for a cos® 8
angular distribution of cosmic ray muons is about 100 m® sr, with an
overburden of 2 x 10° gm/em®, the rate ls (100 m® sr} (4.06 x 10*m=*
sec tarTl) = 4.1 x 10° gec~'. For one mlecrosecond eclectronics, the
dead time would be 0. 4%.

¢.) Stopping Muons .,

Stopping muons can simulate the elastic scattering signal,
since the resulting clectron is emitted some microscconds after the
original muon signal, Muons can stop in the anti-coincidenco shield,
1o the inert rogion near the phototubes inside the detector, or in the
detector scintillator itself.

1.} Muons stopping ln tho anti-coincidence shield

. Sinco most of the detector has a 20 MeV thick inert region
surr ding 1t, the clectron will be below threshold if it passes through

70 MeV would be necessary to exceed our lower threshold. The ¢ 1
:lnn tree path for neutrons % 280 McV decreases rupldly" and at 70 MeV
for cxample Ap is 12.8 cm as opposed to Ar = 21.6 cm for 280 MeV noutroas.
The attenuation, therefore, is enormously larger for these lower energles
{a factor of -~ 1032 (or 70 MeV) and the shisld correspondingly more
effective. The spectrum of neutrons reaching the dotector will, therefore,
be very small below 280 MeV and peak at thls energy, since the production
spectrum is decreasing above 280 MeV, The highor the neutron energy,
the smallcr the probability that the knock-on proton will look like an
eloctron in the 35-53 MeV energy ranga. If we therefore conservatively
assume that all the neutrons are at 280 MoV, the maximurm proton energy
will look like 140 MeV in the detector. This means that only sbout 13%
will be 1n our wiadow, The shield as designed is, thorefore, slso con-
servative for this mechaoism.

In addltion, by looking at the pulse shape, we hope to be able
to discriminate between protons and electrons.

¢.) low Energy Neutron Leakage

.
This consideration is simpiified by cur 35 MeV minimum
energy requirement. Capture gamma rays are below this ensrgy.

this region. 1f the muon stops in the anti-colncidence reglons below the
sensitive volume, the electron signal will be a panied by a d
pulse In the antl-coincidence so vetoing the event.

2.) Muons stopping in the inert region

The aumber stopping in the inert region 1s cstimated to be
about ! x 10° day. Half of the eloctrons in this case will be going the
wrong direction and only about half will be in the interval 35 to 53 MeV.
When we aleo uss the duty cyclo of 1/16, the resultant number of
eloctrone in the sensitive volume ia our range is about 1.5 x 10* day-?,
These events, however, will be characterized by a muon entering the
anti-coinecidence and not leaving. An anti-coincidenco factor of 10*
would, therefore, be sulflcient to elimi this hant
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3.) Muons stopping in the { 1

The detector is about 500 MeV thick, so the number-that
stop 1s .

4.5
J 00563 E™*TdE 6.86x10™ cmsecT arm

or (6.86 x 10° em™® sac™® or-2) (20,5 m® sr) (8. 64 x 10* sac day~1)
= 1,2 x 107 day-?

Thuse events will be charactorized by a large signal seme
milcroseconds earlisr, If wa vato svery blockof time 20 microseconds
after such an event, our dead time would be only 0. 4% and the mechanism
is effectively aliminated.

d.) Neutral component

Tha flux of neutrons from cosmic rays at the LAMPYF altitude
s 6 % 10°3cm-? sec™ sr~! for anergies abave 200 MeV.?* This implias
& rate in our tank of {6 x 10-) (10*) (20.5) = 1,23 x 10% sec™® = 1,06 x 10%day~?,
Dividing by the duty scyclo, we get 6.6 x 10° day. To get this down to the
lavel of our elastic scattering signal (0,4 day-?}, we neod an attenuation
of (6.6 x 10") x (2.65) or 1.75 x 107., This Implias an overburden of 2.8 x
10* gm/em®.

Cost Estimates:

Coat sstimates are given ln Table VIII

EQUIPMENT
Tubes 5,000 gallon detector 400 @ $150 =60 K
* anticoincidence 250 @ $150 =40 K
Scintillator liquid 5000 gallons [ X3 =15 K
anticoincidence ~ (13,000 gallons) =39 K
5,000 gallon tank detector =35 K
Aasticoincidence tanks ¢ =23 K
Electronics s40X
Contingency =15 K
. Subtotal 269X
Manpower® . B
3 physiclsts @ 20K/men yr (4 yrs) =240 K
2 tachniclaas/engineers 15K/man yr (4 yre) =120 K
1 scaaner 10K/yr (2 yrs) -_.2_.9_5_
Total VK

. Grand Total (213 3
® tucludes all cverhead .
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Tho fraction of w and p docays in flight {s small.

This roquirement may be varied, e.g. one could require each
counter to accept pulses from the pllll(; of minimum lbnhlnl
particles (or smaller, down to some fixed thresbold),

The threshold can be .url.od in analysis. VWith a threefold
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Attenuation of light pipe (x 0.368) is inoluded,

Assunmes that photocathods aren equals edge area, )

Note: 1 =2m is realistic for NE102 (tootnote in Crabdd et al.)
NE110 is supposed to be better.

We use L =1.0 u ag the worst canse. .
View short edge with six 2" tubes (44 mm gensitive dianeter,
20% photocathode efficiency)
Ratio of area = 9%‘;":."’.+:" - 0.37 ‘
Xusber of photoelectrons = (10%/ev) x (0.01) x (9.37) x (0.2)
= 7.4/MeV (worst csse)
Decrosse by faator of 2 to allow for uncertsinties = 3.7 photons/Me¥y
7 MeV/slab (minimum foniz.) » & 20%

20 MeV electron (stopped) = & 12%
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No. 53 - "Observation of the Electron Neutrino at
LAMPF"
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Research Proposal
1os Alszmos Neson Riysics TFeeility

oservatian of the Electran Neutrino st IANTY
Title of Experimant

Farticipants and Mstitutions

4 Davis, Br Natiooal Iabarstory
Barle Fovler, Rrdue Univeraity
Stuart L. Neyer, Narthwestern University

Date: Hsroh 30, 1971

JEOPOLAL TRTORATIN

Bora Ares:
Neutrino (besm dusp ares)’
Secentecy Cuanel {16 bom)s

Sewa Requireminter
Tyge of Mritelot . T
Moseata Rnget
fooeatia Site;
Solié Arglet i
0ot St1e; .
ttace; )
ntearity:
Beas Nurltys
Rwrgetla):

Pricary deen Requir (3tate any on the ratn
Veen, such a3 €atrgy, intenatty, or wavsusl puley cwrncteristics)s
Maximm intensity, E>T00 NeV and steady
Mantng Ties Requlaeds
Tnstellation Tine Required (»> Vean): 3 monthe
Tune-up Peass {give tatensity ad Nours needet)s .
Date Runs (glive resliatic exifrats of docra nes¢ed): 20-30 days per run

Sehedullng:
Bealistic dete vhra Usce ¥ill Mve the aan-L2MC7 specatus reddy:July, 1972
Give a1l faforration on OthIF ceanftatals of Pescerch grovp Wt
oy efect scheluting: .

Yager LAVPY #operatur Poquires:

Spectroncser, damits, Bt

tes, Corputer

Shclding aat Brclosures Foquired:
Neutrino area shielding as discussed

Speciel Services Requtsad {pasir, veter, enctucering, shoy vark, ete.):

Ncoe
Speze Requircd (atteh dreving givirg Je,out)e
¥odest

SUMMARY OF EXPERIMENT

We propose to utilize the reaction
37 37

{4 -
v 4 CL < Ar “ e
e
to detect the electrom-peutrino (ss distinguisned frcm the electron-
antineutrino) and to study the questicn of whether the lspton
consarvation law 1s an gdditive lsv cr & multiplicative lev.
This measurement will also provide & chlibratim of the peutrino
flhux fram the decey of stopped positive muons in the deam stop aa
well as 8 check on the ssmmed energy spectrum of nautrinél from

zuon decey.

We proposa to dispose & tank of several kilogallons of 02 011‘
arond the IAMFF beam dump. We estimste o flux of 4§ x 107 c-e-lec
electran-neutrinos at & disteance of 10 metors to produce a signal rate
of 7.5 eventa/kilogsllon-dsy., The equipment required is quite modest
since the rediochenical technique ie identical with that used in comnection
with the asclar neutrinc experiment and exists nt‘&'ookhaven Netionsl
Iabaratory. Required for the IAMIF installation ia the necessary
flushing and plumbing for several kilogallons and shielding from the
Desn stop adequate to eliminate the possidility of fast neutrons estering
the tark s well as & sufficient number of intersction lengths (tvo meters
iron-equivalent) to eliminate the mucleonic camponent of the cosmic
radiation. The residual background due to cosmic-ray-muon-induced
eventa 1s such that the deen time required to measure the cross-sectiocn
of the resction of interest to Ef is estimated to be 3.15 x 10" kilogallon-
dsys. E.g. & 4000 gallon experiment could measure the ¥ross-section to
20§ in 21 Axys of running end sbout the same amount of off time.

DETAIIED STATEMENT OF THE EXFERIMENT

The neutrino atory spans almost Jrecisely four decedes of physics
history. Psuli first introduced the iGea of & penetrating neutral particle
of very msall mass st an American Puysical Society meeting in June, 1931 and
Fermi incorporated the neutrino into his theory of beta d:cgy’in 1934,

The electron-antineutrino was directly detected by Reines and Cowan”

4n 1956. The fact that the electrou-neutrino end the electrcu-antineutrino
are distinct was shown by Dnvi-btn 1955 and by the sbscnce of various
double-beta-decay proceases (ignaring the occesicnal citation of positive
results for this latter series of experiments). The noncbservation

of the electron-gemma and the three-electron decay modes of the muon

indicated the possidility of the existence of two distinct neutrinos,

elect incs and inos. The detection of muon-neutrings

as distinct fram electrop-neutrinos was accomplished by Danby, Gaillard,
<+

Goulianos, ledermen, Mistry, Sctwartr and Steinberger in 1962. Since

that time, 4nos eand tineutrinos have been experimentally

detected.
" Two experimental geps currently exist. First, the electron-neutrino
haa not yet been positively identified to exist save as a possidble beckground
1n experiments at high-energy acceleratora. Becond, the nature of the

lepten conservation lse which obtains in weak interactions is not yet
clarified. The two possibilitiea which exist are the sdditives-l.ep\.on
conservation law and the |nu.1t.1plicnt,ivu.b At present, both are consistent
with experimant. The detailed statement of the two possibilities is

outlined io Appendix A but the salient results are as follows.

The additive lgw permits the decay
4 + -
DR (1)
and farbids the decay
+ +
p 20’ 4 V. + % (2)
whereas the multiplicative law allows both and carriea the implication
that each decay mode is prosent 50% of the time.
The trensition
wree e s et (3)

Frovides s test of the additive and multiplicative consexrvation laws

since this “wuonium- un” tr mﬂi- forbid for the additive
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1w dut alloved for the multiplicetive law, A similar situaticn cbtains
in the cege of the mrocess 4
el ey W)
Theae reactions bave so far proved to be inconclusive concerning
the additive-multiplicative questiocn.
We propose to use the reaction
vy +C1 Man¥ 0 (s

to detect electr inos, a Tirst
elaborated on by Alvarer and developed by Davis.
This reaction is allowed by both the additive and multiplicative laws
wheress the reactica

Ve FEPIC LAY )
4s fordidden by both (s well as having deen shown expex'henu.ﬁu not
to cocur). Wa mropose t0 ute the IAMIY beam duxp as & source of
electron-peutrinos from resction (1). Plons of both charges are produced
in the beam dump by had int ticn of the Froton beam.
Of those pions which do not interact befare stopping, anly the positive

pions ¥i1l sixvive to decay into positive muons. The atopping

negative plans will effectively all be captured ca the heavy nuclei in
the besm dump before decaying. The beam dump s, therefare, a asource
of stopped positive muans. Theae positive mucus will all stop and
decay vis the mode (1) € the additive lepton ccuservation law.

bolds end by both (1) and {2) if the multiplicative law holds. It

bas beea Jroposed by many others to sesrch for resctions charscteristic
of (2). A pull result would indicate the nom-occwxzcnce of {2). To
caxplete the logic, sn affirmetion of (1) &s required which our yproposed
experiment would provide, as well sa & verification of the existence of
the electro-pneutrino. Our experiment also provides a calidbrstica of

the neutrino flux useful in the olectr 4no s well,

The 013

7 neutrino cepture resction iz a very important ome for

astrophysics. The IANPF mcammenent provides a terrestrial test of the

physics of the reaction itszelf, independent of the astrophyaical context.
Ancther question which will be yprobed by this oxperiment canceras the

detailed nsture of reaction (1). At the 1965 International Conference on

10
Weak Interactions st Argonne Prof. V. %elegdl pointed out the “circularity”
of many arguments deaigned to verify the V-A theary. He quoted the concldsion

of Nrs. C, Jul-kc‘nto the effect that we would not understand muon decay
wtil the neutrino and sati-peutrino spectrs vere measured. We do not
bere Fropose & mcasurescnt of the spectrum but, rather, & check on owr
sssurptions sabout the spectrm. We use VoA theory (and nuclear physice)
40 tell us vhat the crosa-section is, as & function of enorgy.
convoluticn of the cross sectica and flux.
asmmptions of the V-A
sting dbut would

We use Y-A thecary to farm the
This yields a predicticn involving the fundssental
thacery. Experimental disagreement would be more isters
require otder -uur-nhuw Jocalize the source of the Alsagresment .

Scae Details
Ia rigure 1 ve plot the expected spectrum of elactron neutrinos

+ + + -
(V.)txv-u docay: p ¢ ety *vu

vhere we have agsumed 8a additive leptom conservaticn lav and the

ususl Ferm! theory of weak intersctions.

The cross section for the rescticn: v. + (:137 OArn. +q g8
P roughly as the square of the neutrino energy
o ~o, [, r(z,8) 3 2,
vhere | A l are -umnd in wnits of n, and
5 cnl /0137
The Faral fusction F{Z,8) s by the

o =h5x10™"

valoe
2. 5 Over any seutrino energy fange. The matrix element (nul’- (1)'

\ t‘—/ Clo)?

vor 23 4 a3 (1 < 372, 5 4 324
0P
©)F -1
\cA/cJ" = (1.28)2 w 2.4 sna
8% m 3.3

The crosa section for the analog state transition 1s, thereforw, increased

over the solar nentrino case because the higher energy Ve from p‘ decay
on aversge are ~ 95 times as effoctive aa Ve frem ’8 decay as seen from
the following simple calculation assuming all the energy dependence of
the cross section may be vell-approxirated aa

o=k (Iv - a)2
vhere 4 1s the energy threshold for the reaction.

The aversge cross section for a ’5 neutrine s (a). -

x j‘.u (x, - 8)* 2(x, )

To.x t('v) x,
8

The v. spectrum from a dacay such as that of B may be written in s
normaliged form &s

%: 0 0-e,e,e
v
viunt =1 at the mximm of the neutrino spectrum,
_A 2 2 2
(@)y8 = K(&, )30[ £, Yh@-e) e, @
i mx

v-x

v

+
Yor vy from i decay, ve may calculate the spectrum of Pigure 1 from
the relation S~ =122 T (1-¢)
v v v

and

1 2
(@), +-= K(lv'“)"’ 12 f te, - % ) a: (-c) .

.,

In this form, we may nov scale uwp all tsho transitions of interest
using the published calculations of Bahcell for the neutrinos from the
boron decay

le - !.80 +at e Vet
The cross sections averaged over the borcn spectrum (labelled B) and the
micn spectrus (labelled ) are as follovs:

%ﬁ"’ —"‘6—3'32@5—%3—%”%& Mpmtie Yeyswh

1.7 29-6 35.9 x nl
5/2 190 .w . 71-,
3fav,3/e 5.3 7.83 x = 95 5 T8x «
Bum T3 x Ia-" (X ER) w
The retio of the aversged borcn cross section to the aversged mion oroes
section {s thus about 69,

Iate
The sbaolute rate is obtained from the cross socticn averaged over
tha u‘ decay spectrum:

@), = 65 (028 = 69 (1.35 x 2072 o

o) = 0.9 x 30" _i/u‘!l atom,



'

.

lat us calculate the signal rate for e modest amount of C,Cly, say 6000

kilogrems vhich corresponds roughly to 1000 gallons.

X = # o 17 atons -%—%—eﬂ x 6,03 x 10°3 x L x 0,23
where the number of chlorine atoma and the {soto-
ple abundance of €137 Just cancel in the last two
factors.

8

= 2.4 x 16%® avoms of 027,

Lot us take the flux of vy 8 10 meters from the beam stop to be
f=bx 107/e-2 - sec
which s conaistent with other discussions but less than the “Blue Book."” "
The count rate is, therefore,
RafoN
1

x 0.9 % 107

= 8.6 x 10" ovente/sec.

“lx 107 ea? -gec” clz/.tcn x 2.4 x 10?8 atoms

R = 7.5 events/day-1000 gallons,

This is quite clearly s fessible counting rate although calculated for
e smsll detector. One might well think of disposing the detector li-
quid sround the beam duxp 20 as to increase the flux over that assumed,
Dackgromd

The nucleocnic cozPonent of the cosmic radistion must be removed by

shielding to avoid the reaction

P+ o ar¥ an,
Likevise, fast neutrons fram the beam dump and from upsiream targets
must be prevented from entering the detection tank lest knock-on protons
de produced in the CJ.ST. The ablelding from the beam dump may be leas
than two meters of fron equivaleat and the overhead shielding required
18 the same since it is the nuaber of interaction lengths vhich is of
interest rather than the range. Cosmic-ray muons still produce back-
ground events and ve estimate these to be of the order of 60/kilogallon-
day. If the additive lav holds and cur calculations of cross-section
and flux prove correct, ve shall require

(3.4/5%) z 20" xliogation-days
of running to dne the tion to F%. R.8. & LOOO-gellon ex-

periment could measure the cross-section of 20§ {n 21 days of running
and about the same amount of time with the beaa off.
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Avpendix At Additive and Multiplicetive Jave
Detine l. » aloctron number
I“ * wuon nusber
l‘ = leptcn number
AIDITIVE 1AN:
l!. and IN are separstely conserved. .

»
The assignment is as followss

% % %
W 41 o o
u’ -1 -1 [}
+1 +1 4]
-2 -1 o
] 4 4
o -1 -1
[} +1 Eo
[ -1 -1

The reaction u" - a’ + vy 07“' conserves nlu, m. and D(L.

The reaction p’ - o’ + T.' + v“ conserves DIL but doea not conserve
(-1 41) por W (0 < -2).

The reaction v, + A% 4 ar3 ¢ & consarves mp, D and IV,

The reaction v_. + 0¥ 4 arTT ¢ & conserves DM, but violates conser-
vation of BX_ (-1 +41) ang ™, (14 9).

The reaction p* + ¢ = w + o conserves IV, tut violates couserva-
tico of DM, (-1« 1) snd D (41 » -1).
MULTIPLICATIVE IAN:

o
Thuls says that & (ll“ +X,) 1s conserved and tho siga {-1) * s con-

o™
served. (Also the sign (-1) * 1s conserved).
The assigneent is as follows:

x x ¥
2 9 -2
o a < -1
st “ Y -2
+“° -2 -1
%
v o -1 -3
»
.« -1 4 41
< -1 - a
Ve -1 + 2
v - - <
Ve 1 1 1

The reaction u’ a0t 4 v, 4'v_u conserves I(l(” + i.) (1opton number)
and conserves the sign (-1) P (-1 -+ 1),

The reactiocn p.’ +a #T;: + v, conserves lepton nuzber t()!” + l.) and
oonsorves the sign (-J.)"‘ (-2 = -1).

Likecwise, Ve + 0.137 - Ar31 + @ 48 slloved by the maltiplicative rule
vt v, + @ o a7 4 &7 10 rorbigden.

The transition p¥ + ¢” 4 " + o fs allowed by the multiplicative
rule (41 4 41}, '
In sumary, then:

ot tive Multiplicative
whaet ey AN Alloved Allowes
u’ L] o‘ + -v—. + v“ Miqden Alloved
v.oc13741u-374.' Alloved Alloved
oS an s Forbidsen Forbidden
Rescticn Mstitive t1plton
P Yorbidden Alloved
DR T Torbidden Alloved

KT /pt: 770 (500)
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